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A major goal of paleoanthropology is to identify the selective pressures associated with 
hominin biological and behavioral evolution, yet establishing cause-effect relationships between 
climate, ecology, and human evolution remains problematic. This dissertation seeks to 
investigate hominin paleoecology in eastern Africa by reconstructing aspects of climate and 
ecology using stable isotope analysis. 
The first part of this dissertation is focused on the ecology of primates and hominins. 
Modern tropical African ecosystems provide a useful model for understanding the ecological 
correlates of isotopic variation in the fossil record, and living primates provide a useful model for 
understanding the ecological significance of isotopic variation in fossil hominin tissues. Isotope 
data from modern primate excreta and plants shows that isotopic variation primarily relates to 
diet. The magnitude of isotopic variation in gorilla feces, which relates to intra-annual dietary 
variability, demonstrates that African apes have less isotopically variable diets than fossil 
hominins. Carbon isotope data from large mammalian tooth enamel in three areas (southern 
Kenya & northern Tanzania, northern Kenya, and northern Ethiopia) demonstrate a long-term 
increase in the prevalence of C4-grazing taxa over time, primarily at the expense of C3-C4 mixed 
feeding taxa. Pleistocene and Holocene ecosystems in southwestern Kenya, where there is the 
most complete record over the past 2 million years, are persistently dominated by C4-grazers. 
	 v 
The second part of this dissertation is focused on climate and human evolution. The 
notion that aridity and seasonality have increased over the Pliocene and Pleistocene has remained 
central to models of environmental change (i.e. C4 grass expansion) and human evolution; 
however, few empirical records of terrestrial climate are available to assess this claim. An 
existing tooth enamel oxygen isotope aridity proxy is revised using a large compilation of new 
and existing oxygen isotope values in modern herbivore teeth from eastern and central Africa. 
The application of the aridity index to fossil teeth from eastern Africa, primarily the Turkana 
Basin, demonstrate that mesic and arid conditions were both prevalent during periods of fossil 
preservation. There is no long-term trend in aridity, which demonstrates that ecological changes 
associated with the expansion of C4 vegetation and C4 grazers may not have been driven by 
changes in water availability. A survey of extant equids from eastern Africa demonstrates that 
intra-tooth oxygen isotopic variability relates to intra-annual oxygen isotope variability in 
precipitation. This approach is applied to fossils from the Homa Peninsula, Kenya, 
demonstrating that Pleistocene hominins in this region would have experienced seasonal rainfall, 
similar to modern eastern African climates. No trend over time was detected in fossil intra-tooth 
δ18O range, although the number of localities and time periods included in this analysis are 
limited. 
Isotopic records presented in this dissertation demonstrate new ways to investigate 
relationships between climate, ecology, and human evolution. These findings provide new detail 
on hominin environments, and provide a critical test of long-assumed relationships between 
long-term changes in climate and ecology. 
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 A major goal of paleoanthropology is to identify the selective pressures associated with 
survival and reproduction that led to hominin biological and behavioral change. Early human 
evolutionary studies tended to focus on intrinsic explanations, such that adaptive feedbacks led 
directly from early to later innovations (i.e. bipedality, tool use, hunting, brain expansion, food 
sharing, language) (Darwin, 1871; Dart, 1925; Bartholomew and Birdsell, 1953; Washburn, 
1960; Isaac, 1978). A similar view has been more recently articulated as the autocatalytic model, 
which suggests that evolutionary forces independent of natural selection were largely responsible 
for human evolutionary history (McKee, 1999). Since the 1980s, however, focus shifted to 
extrinsic explanations for human evolution including more ecologically sophisticated ideas about 
interactions between hominins and dynamic biotic and abiotic environments (Brain, 1981; Hill, 
1981; Laporte and Zihlman, 1983; Vrba, 1985; Hill, 1987; Vrba, 1988; 1989; Stanley, 1992).  
Establishing cause-effect relationships between climate, ecology, and human evolution 
remains problematic due to a mismatch between the space-time scales of environments as 
experienced by hominins and empirical paleoenvironmental data, as well as insufficient 
consideration of mechanisms relating environmental drivers to evolutionary change 
(Behrensmeyer, 2006; Behrensmeyer et al., 2007; Kingston, 2007). For example, early attempts 
to link climate and human evolution relied on correlations between global climate records and 
the appearance of particular hominin species, anatomy, and behavior (Butzer, 1977; Brain, 1981; 
Vrba, 1985; 1988; 1989; deMenocal, 1995; Potts, 1998a). However, while global-and 
continental-scale climate records are important for understanding potential mechanisms driving 
regional- and local-scale environmental change, global climate is not directly informative on the 
environmental conditions experienced by hominins. Despite the often ambiguous results of 
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conventional site-based paleoenvironmental analyses using lithofacies and taxon-based faunal 
analyses (Hill, 1981; Kingston, 2007), a number of more recent developments have transformed 
hominin paleoecology: (1) development of geochemical and morphological tools for 
quantitatively reconstructing specific terrestrial environmental parameters, including 
paleovegetation (Cerling et al., 2011; Magill et al., 2013b; Barr, 2015; Plummer et al., 2015), 
paleoaridity (Levin et al., 2006), and paleotemperature (Passey et al., 2010); (2) the availability 
of increasingly large, long-term, intra- and inter-basinal fossil and isotopic datasets (Bobe et al., 
2007; Cerling et al., 2011; Levin et al., 2011; Bibi and Kiessling, 2015; Cerling et al., 2015a; 
Lüdecke et al., 2016); (3) greater focus on multi-proxy perspectives on paleoenvironmental 
change (deMenocal, 2004; Behrensmeyer, 2006; Kingston, 2007; Trauth et al., 2007; Bibi et al., 
2013; Feakins et al., 2013; Levin, 2015; Plummer et al., 2015).  
 
ENVIRONMENTAL DETERMINANTS OF HUMAN EVOLUTION 
There are a number of useful reviews on environments and human evolution (Potts, 
1998b; deMenocal, 2004; Behrensmeyer, 2006; Kingston, 2007; Potts, 2007; deMenocal, 2011; 
Potts, 2012a; 2013; Levin, 2015; Maslin et al., 2015), all of which have contributed to the 
following discussion. Environmental determinants of human evolution can be classified by mode 
and tempo of inferred climatic or ecological change: (1) long-term environmental persistence, (2) 
long-term environmental change, (3) punctuated environmental change, and (4) continuous 
environmental change. In the following discussion, I differentiate between climatic (moisture, 




Long-term environmental persistence 
Ecology 
The model of long-term ecological persistence is a form of the “savanna hypothesis” (that 
I would term the “savanna persistence hypothesis”), which focuses on a long-term association of 
hominins with savannas since the last common ancestor with chimpanzees (Dart, 1925; 
Bartholomew and Birdsell, 1953; Jolly, 1970; Brain, 1981; Laporte and Zihlman, 1983; Bender 
et al., 2012; Domínguez-Rodrigo, 2014). This model is supported by woody cover 
reconstructions using the carbon isotopic composition of paleosol carbonates, which 
demonstrates the dominance of relatively open habitats (woody cover <50%) in the Omo-
Turkana and Awash Basins throughout the past 6 million years (Cerling et al., 2011). However, 
it remains uncertain if woody cover variation within savanna biomes is important for hominin 
adaptation (Cerling et al., 2011). The savanna biome is inherently heterogeneous and may be 
associated with a coherent set of selection pressures related to resources availability and 
predation risk regardless of variation in vegetation structure within the biome (Domínguez-
Rodrigo, 2014).  
Colloquial misuse of the term savanna is common, but the following ecological definition 
is widely accepted: a mixed C4 grass-tree landscape with a continuous grass/herbaceous ground 
layer and a discontinuous woody layer maintained by rainfall, fire, herbivory, and soil fertility 
(Scholes and Archer, 1997; Sankaran et al., 2005; Good and Caylor, 2011; Lehmann et al., 2011; 
Ratnam et al., 2011; Guan et al., 2014; Parr et al., 2014). This definition corresponds to ca. 10-
80% woody cover, which includes vegetation structure categories grassland, wooded grassland, 
and woodland/bushland/thicket/shrubland, as defined by the United Nations Educational, 
Scientific, and Cultural Organization (UNESCO) (F. White, 1983). Grasslands are defined as 
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<10% woody cover, and should not be equated with savannas, although both savannas and open 
grasslands can be identified as tropical grassy biomes that are associated with a unique set of 
ecological processes and interactions that contrast with tropical forest, steppe, and desert biomes 
(Parr et al., 2014).  
The savanna hypothesis has received attention in recent debates on the environmental 
context of the putative early hominin Ardipithecus ramidus at Aramis ca. 4.4 Ma (T. D. White et 
al., 2009; Cerling et al., 2010; 2014; Domínguez-Rodrigo, 2014; T. D. White, 2014; Cerling et 
al., 2015b; T. D. White et al., 2015). Ar. ramidus was originally described as inhabiting a 
primarily wooded habitat (T. D. White et al., 2009; WoldeGabriel et al., 2009), which in 
combination with relatively closed, wooded environmental reconstructions of other late 
Miocene-early Pliocene putative hominins (Sahelanthropus, Orrorin, Ardipithecus) 
(WoldeGabriel et al., 1994; Pickford and Senut, 2001; WoldeGabriel et al., 2001; T. D. White et 
al., 2009; WoldeGabriel et al., 2009) was used to falsify the savanna hypothesis. However, 
geological and isotopic evidence demonstrates that the environments of all three putative early 
hominin genera included open areas with C4 grass (Zazzo et al., 2000; Vignaud et al., 2002; 
Levin et al., 2008; T. D. White et al., 2009; WoldeGabriel et al., 2009; Cerling et al., 2010; 2011; 
Bamford et al., 2013; Roche et al., 2013), and mixed C3-C4 plant communities including a 
mosaic of grassy and wooded habitats are entirely consistent with the ecological definition of the 
savanna (Domínguez-Rodrigo, 2014; Cerling et al., 2015a).  
 
Climate 
The model of long-term climatic persistence focuses on a long-term association of 
hominins with high temperatures (Passey et al., 2010). This model is supported by clumped-
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isotope paleothermometry, which demonstrates that hominins would have had to accommodate 
consistently or repeatedly high thermal stress throughout the Plio-Pleistocene (Passey et al., 
2010). Fossil soil temperatures from ca. 4 to 1 million years ago were greater than modern soils 
in the Turkana Basin, which is one of the hottest areas on Earth today. This technique has not yet 
been widely applied in paleoanthropological studies outside of the Turkana Basin.  
 
Long-term environmental change 
Ecology 
The model of long-term ecological change is a different version of the savanna 
hypothesis (that I would term the “C4 grass expansion hypothesis”), which focuses on a long-
term trend from ca. 4-1 million years ago towards increasing prevalence of open C4 grass- and 
grazer-dominated landscapes, based on faunal, isotopic, pollen, and phytolith records (Cerling, 
1992; Stanley, 1992; Behrensmeyer et al., 1997; Reed, 1997; Bobe and Behrensmeyer, 2004; 
Wynn, 2004; Feakins et al., 2005; Bobe et al., 2007; Bonnefille, 2010; Cerling et al., 2011; Levin 
et al., 2011; Barboni, 2014; Plummer et al., 2015; Cerling et al., 2015a). This differs from the 
savanna persistence hypothesis in that it focuses on the culmination of a long-term trend towards 
generally more open environments in the early Pleistocene, and is not associated with the earliest 
stages of human evolution. Faunal and isotopic analyses demonstrate that the timing and 
magnitude of long-term ecological changes vary within and across basins (Bobe et al., 2007; 
Cerling et al., 2011; Levin et al., 2011), suggesting that additional long-term records are needed 
to understand regional variability in the expansion of grass-dominated biomes. The expansion of 
savannas is often linked with an increase in environmental heterogeneity and a broadening of 
hominin habitat use in the early Pleistocene (Bobe and Behrensmeyer, 2004; Plummer, 2004; 
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Wynn, 2004; Kingston, 2007; Plummer et al., 2009; Barr, 2015; Plummer et al., 2015; Reynolds 
et al., 2015), although directly assessing the spatial heterogeneity of hominin paleoenvironments 
remains a challenge.  
 
Climate 
 The first model of long-term climatic change is the cooling model, which suggests that 
global cooling associated with the development of high-latitude ice sheets (Shackleton et al., 
1984; Zachos et al., 2001) was an important driver of speciation and extinction across 
mammalian lineages that in turn determined the ecological context of human evolution (Brain, 
1981; Vrba, 1988; 1992; 1995a; 1996). However, the effects of global cooling varied regionally, 
and the tropics may have been buffered against high-latitude climate change (i.e. glaciation) 
(Marlow et al., 2000; Ravelo et al., 2004; Denison et al., 2005; Feakins and deMenocal, 2010). 
Additionally, more recent geological and paleoclimatic work demonstrates that long-term trends 
in Neogene African climate change are more likely driven by Milankovitch periodicities in 
insolation (deMenocal, 2004; Trauth et al., 2009; Maslin et al., 2014) and geological processes 
such as tectonic uplift (Slingo et al., 2005; Trauth et al., 2005; Sepulchre, 2006; Spiegel et al., 
2007; Trauth et al., 2007; Kaspar et al., 2010; Prömmel et al., 2013; Lepre, 2014) rather than 
long-term cooling.  
 The second model of long-term climatic change is the aridity model, which suggests that 
regional African aridification since the late Miocene represents an important driver of hominin 
origins and evolution, particularly by driving grass expansion and changing the distribution of 
habitats and food resources (Vrba, 1989; Stanley, 1992; Bromage and Schrenk, 1995; 
deMenocal, 1995; Reed, 1997; deMenocal, 2004; Zhang et al., 2014). Regional aridification has 
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been inferred from marine records of dust (deMenocal, 1995; 2004) and pollen (Bonnefille, 
2010), terrestrial faunal (Reed, 1997; Bobe and Eck, 2001; Bobe and Behrensmeyer, 2004; Bobe, 
2006; Fernández and Vrba, 2006; Bobe et al., 2007; Bobe and Leakey, 2009; Bibi and Kiessling, 
2015), and paleosol carbon (deMenocal, 2004; Wynn, 2004; Sepulchre, 2006; Spiegel et al., 
2007; Maslin et al., 2014) and oxygen (Cerling et al., 1977; Cerling and Hay, 1986; Cerling et 
al., 1988; Levin et al., 2011) isotope records, as well as climate models (Sepulchre, 2006; 
Prömmel et al., 2013; Sommerfeld et al., 2014). However, the most commonly used terrestrial 
aridity indicators (the abundance of C4 vegetation and alcelaphini and antilopini bovid tribes) are 
likely biased by ecology (diet, habitat), and an independent terrestrial paleoaridity proxy is 
needed evaluate local- and basin-scale changes in water availability (Levin, 2015).  
 
Punctuated environmental change 
Ecology 
The model of punctuated ecological change is the turnover-pulse hypothesis, which 
suggests that periodic pulses of synchronized speciation and extinction among mammalian 
herbivore lineages during intervals of cold, arid, variable climate represent periods of habitat 
restructuring relevant to hominin evolution (Vrba, 1985; 1988; 1992; 1995b; 1995a; 1999). It 
was suggested that climate (warm, cold) and dietary (specialist, generalist) adaptations 
determined patterns of turnover. However, subsequent faunal studies suggest that the relationship 
between climate and faunal change is less straightforward than previously believed 
(Behrensmeyer et al., 1997; Bobe and Eck, 2001; Bobe and Behrensmeyer, 2004; Bibi and 
Kiessling, 2015), and the relevance of less punctuated faunal turnover to hominin environments 
is unclear.  
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Climate 
 The model of punctuated climatic change is the pulsed climate variability hypothesis, 
which suggests that long-term aridification in eastern Africa was punctuated by periodic humid 
intervals, and that wet-dry cycling was associated with extreme environmental variability that 
caused speciation and extinction among hominin taxa (Trauth et al., 2007; Maslin and Trauth, 
2009; Trauth et al., 2010; Shultz and Maslin, 2013; Maslin et al., 2014; 2015; Trauth et al., 
2015). The presence of large lakes is suggested to have caused vicariance and allopatric 
speciation among hominin populations, assuming lakes represent sufficient barriers to gene flow 
(Trauth et al., 2010). Regional humid periods are inferred from compilations of sedimentological 
data indicating the appearance of large lakes, which seem to appear at 400-kyr and 800-kyr 
periodicities associated with orbital forcing (Trauth et al., 2007). However, identifying the timing 
and stability of lake formation can be ambiguous (Owen et al., 2008; 2009; Trauth and Maslin, 
2009; Lepre, 2014), and the relative importance of climate versus tectonic forcing is not always 
straightforward (Bergner et al., 2009). It may be that some but not all lakes represent sensitive 
indicators to climate change (Olaka et al., 2010; Trauth et al., 2010; Borchardt and Trauth, 
2012).  
 
Continuous environmental change 
Ecology 
 The model of continuous ecological change is the shifting heterogeneity model, which 
suggests that hominin environments since the late Miocene were characterized by constantly 
changing patterns of spatial environmental heterogeneity (Kingston, 2007). The model assumes 
that variation in solar insolation on Milankovitch (precession) periodicities drives patterns of 
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rainfall seasonality in tropical Africa that, mediated by tectonic activity and global climate 
events, results in shifting patterns of plant and animal distribution and community structure. 
These processes would ultimately determine the abundance and distribution of resources and 
drive hominin dispersal patterns. Consistent with predictions of this model, Milankovitch 
periodicities are evident in Plio-Pleistocene records of climate (Deino et al., 2006; Ashley, 2007; 
Kingston et al., 2007; Lepre et al., 2007; Joordens et al., 2011; Magill et al., 2013a) and 
vegetation (Magill et al., 2013b). However, hydroclimate does not always respond to orbital 
forcing in a synchronous manner across eastern and central African lake basins (Joordens et al., 
2011; Deino, 2012; Berke et al., 2014; Lepre, 2014), suggesting that additional work is needed to 
investigate the uniformity of environmental feedbacks to Milankovitch cyclicity.  
 
Climate 
 The model of continuous climatic change is the variability selection hypothesis, which 
suggests that a long-term increase in, or sustained periods of, environmental variability (in time 
and/or space) enhances instability in selective pressures, leading to the evolution of increased 
adaptive versatility or adaptability (Potts, 1996; 1998a; 1998b; 2007; 2012b). The model 
suggests that adaptations that increase fitness in novel environments given variable selective 
conditions will ultimately be more evolutionarily successful than adaptations for specific habitats 
and/or consistent selective conditions. Regular or predictable patterns of environmental 
variability, such as seasonal- or Milankovitch-scale cycles, is not considered to meet these 
criteria. The notion that environmental variation increased over the Plio-Pleistocene is based 
primarily on global climate records from marine cores, and assumes that regional climate in 
eastern Africa also became more variable over time, and that climate variability is associated 
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with ecological variability. Periods of high variability (wet-dry cycling), predicted on the basis of 
eccentricity-modulated precession of solar insolation and recognized in marine dust and sapropel 
records, are linked to sedimentary records of environmental variability and key events in human 
evolution (appearance or disappearance of species and stone tool industries) (deMenocal, 2004; 
2011; Potts, 2013; Potts and Faith, 2015). Mathematical modeling (Kussell and Leibler, 2005; 
Grove, 2011a; 2011b; Carja et al., 2014) and observational studies on other organisms (Woods et 
al., 2011; Brown et al., 2013) support the feasibility of variability selection as a fitness-
enhancing mechanism.  
There is increasingly abundant terrestrial evidence for climate variability at various time 
intervals in the geological record in eastern Africa, on Milankovitch- to millennial-scales (Deino 
et al., 2006; Ashley, 2007; Kingston et al., 2007; Lepre et al., 2007; Scholz et al., 2007; Trauth et 
al., 2007; Larrasoaña et al., 2013; Magill et al., 2013a; Berke et al., 2014; Wilson et al., 2014; 
Trauth et al., 2015), and high resolution pollen (Bonnefille et al., 2004) and leaf wax biomarker 
records (Magill et al., 2013b) demonstrate substantial ecological remodeling associated with 
climatic variability. More work is needed to evaluate the relationship between climate (wet 
versus dry) and variability in local ecological conditions (plant-animal communities) relevant to 
hominin survival. Additionally, it remains unclear if long-term increases in large-scale climate 
variability are associated with increasingly variable local, terrestrial environmental conditions.  
 
Summary 
These perspectives are not necessarily mutually exclusive, and largely reflect time-space 
scale differences of available paleoclimate and paleoecology proxies (Behrensmeyer et al., 2007; 
Kingston, 2007). For example, marine records are typically continuous and characterized by high 
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time resolution and low spatial resolution, while terrestrial records are typically discontinuous 
and characterized by relatively low time resolution and high spatial resolution. Ultimately, 
perspectives of environmental variation likely need to be integrated with perspectives of long-
term environmental persistence or change. For example, the long-term persistence of the savanna 
biome need not imply that climatic and environmental conditions were static, but instead that 
within a given range of variation certain ecological processes might have occurred throughout a 
certain period of time. A cohesive theory that integrates these disparate climatic and ecological 
processes into a single framework that identifies adaptively significant environmental variation is 
ultimately needed to test cause-effect relationships between environmental change and human 
evolution (Kingston, 2007).  
 
OBJECTIVES 
In this dissertation I investigate hominin environments during the Plio-Pleistocene in 
eastern Africa. To evaluate the relationships between changes in climate and ecology I focus on 
isotopic records in mammal tissues. I follow two general approaches: (1) analysis of 
tissues/excreta and foods of modern animals (mammalian herbivores, primates) as ecological 
analogs for paleo-ecosystems, and (2) analysis of fossils to directly evaluate aspects of hominin 
environments (climate, vegetation, fauna). The study of modern materials includes carbon and 
nitrogen isotope analysis of plants and primate excreta as well as carbon and oxygen isotope 
analysis of mammalian herbivore tooth enamel. The study of fossil materials includes carbon and 
oxygen isotope analysis of mammalian herbivore tooth enamel.  
Mammalian tooth enamel isotopes records reflect ecological information at the time scale 
of fossil preservation (101-5 years) and the spatial scale of fossil collection and herbivore ecology 
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(100-4 km), and are well-suited to investigate local, terrestrial conditions experienced by 
hominins (Kingston, 2007; Bedaso et al., 2013; Cerling et al., 2015a). Other available 
paleoenvironmental proxies include herbivore taxonomic abundance (Vrba, 1980; Bobe et al., 
2002; Bobe and Behrensmeyer, 2004; Bobe et al., 2007; Bibi and Kiessling, 2015), community 
structure (Andrews et al., 1979; Reed, 1997; Reed and Russak, 2009; Louys et al., 2014), 
locomotor ecomorphology (Plummer and Bishop, 1994; Kappelman et al., 1997; Kovarovic and 
Andrews, 2007; Barr, 2015; Plummer et al., 2015), craniodental morphology (Spencer, 1997), 
and dental wear patterns (Fortelius and Solounias, 2000; Ungar et al., 2007; Louys et al., 2012; 
Scott, 2012), as well as pollen (Bonnefille et al., 2004; Bonnefille, 2010), phytoliths (Barboni et 
al., 1999; 2010), and the carbon isotopic composition of leaf wax biomarkers (Magill et al., 
2013b) and paleosol carbonates and organic matter (Cerling, 1992; Cerling et al., 2011). 
Compared to conventional morphological approaches, enamel isotopic analyses are less biased 
by taxonomic uniformitarianism, observer or classification error, and decoupled changes in 
environments, behavior, and morphology (Domínguez-Rodrigo and Musiba, 2010; Bibi et al., 
2013; DeSantis et al., 2013; Lister, 2013; Louys et al., 2015). Additionally, enamel isotope 
records provide an ecological perspective that includes the diets and habitats of other animals on 
the landscape, unlike non-faunal proxies, such as paleosols or pollen. However, while enamel 
isotopic records are useful for evaluating long-term trends, short-term variation is often masked 
due to the discontinuous and time-averaged nature of the terrestrial macrofossil record. 
Therefore, I focus on evaluating evidence for long-term environmental persistence and change. 
I focus on southwestern and northern Kenya, where sediments preserve abundant fossil 
and archaeological material spanning the Pliocene and Pleistocene. I use carbon and oxygen 
isotopic records in fossil herbivore tooth enamel to reconstruct adaptively significant 
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environmental parameters, including aspects of vegetation and faunal ecology, aridity, and 
seasonality during the Pliocene and Pleistocene. The development of long-term paleoclimatic 
and paleoecological records in southwestern Kenya provides a new perspective on regional 
variability in environmental change. 
The first part of this dissertation is focused on the ecology of primates and hominins. 
Modern tropical African ecosystems provide a useful model for understanding the ecological 
correlates of isotopic variation in the fossil record, and living primates provide a useful model for 
understanding the ecological significance of isotopic variation in fossil hominin tissues. In 
Chapters 1 and 2, I report on isotopic studies on the ecology of plants and primates in 
southwestern Uganda. These studies contribute to a growing body of literature on the isotopic 
composition in modern primate tissues/excreta and tropical plants by evaluating how isotopic 
variation is sensitive to aspects of diet and habitat. I show that isotopic variation in plants 
(Chapters 1 and 2) and great ape tissues (Chapters 2) primarily relate to differences in diet. The 
magnitude of isotopic variation in gorilla feces, which relates to intra-annual dietary variability, 
demonstrates that African apes have less isotopically variable diets than fossil hominins (Chapter 
2).  
In Chapter 3, I use the carbon isotopic composition of fossil teeth of large mammalian 
herbivore Artiodactyla-Perisodactyla-Proboscidea (APP) taxa in southern Kenya (& northern 
Tanzania), northern Kenya (Turkana), and northern Ethiopia (Afar) to investigate the long-term 
changes in herbivore diet and ecosystem structure. I find that there is a long-term increase in the 
proportional representation of C4-grazing taxa over time, primarily at the expense of C3-C4 
mixed feeding taxa. Pleistocene and Holocene ecosystems in southwestern Kenya, where there is 
the most complete record over the past 2 million years, are dominated by C4-grazers. The 
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prevalence of C4-grazer dominated ecosystems since the early Pleistocene contrasts with the 
abundance of C3 browsers and woody vegetation among most modern savanna/mosaic biomes in 
the Lake Victoria region and across eastern Africa. Therefore, modern ecosystems may have 
developed recently, and may not provide useful analogs for reconstructing ancient environments 
as recently as the last few millennia. These findings suggest that ecological processes and 
interactions, rather than simply climatic forcing, are important for understanding human 
evolution among expanding C4 grass-dominated environments. 
The second part of this dissertation is focused on climate and human evolution. The 
notion that aridity and seasonality have increased over the Pliocene and Pleistocene has remained 
central to models of environmental change (i.e. C4 grass expansion) and human evolution; 
however, few empirical records of terrestrial climate are available to assess this claim. In Chapter 
4, I revise an existing aridity index for estimating water deficit in the fossil record using the 
oxygen isotopic composition of mammalian herbivore tooth enamel. I present a large 
compilation of new and existing oxygen isotope values in modern herbivore teeth from eastern 
and central Africa to identify taxa that are sensitive (ES) and insensitive (EI) to evaporation, 
primarily due to differences in drinking behavior, and show that the oxygen isotopic enrichment 
between ES and EI taxa can be used to calculate water deficit. I use oxygen isotope values in 
fossil teeth from eastern Africa, primarily the Turkana Basin, to reconstruct paleoaridity over the 
Plio-Pleistocene. I show that mesic and arid conditions were both prevalent during periods of 
fossil preservation, demonstrating that hominins experienced variable climatic conditions and 
were able to accommodate highly arid conditions as early as >4 Ma. There is no long-term trend 
in aridity, which demonstrates that ecological changes associated with the expansion of C4 
vegetation and C4 grazers may not have been driven by changes in water availability. 
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In Chapters 5 and 6, I focus on reconstructing seasonality in the fossil record. Tooth 
enamel microsampling has long been suggested to provide a means to reconstruct climate (i.e. 
rainfall) seasonality in the hominin fossil and archaeological record; however, this approach has 
not been widely applied due to problems associated with signal time-averaging due to enamel 
maturation and sampling, and a lack of understanding of how seasonality is recorded in enamel 
isotopic profiles in eastern African herbivores. In Chapter 5, I evaluate the relationship between 
enamel mineralization and intra-tooth isotope profiles, focusing on an incisor from a woodrat 
subjected to an experimentally induced, isotopically controlled water-switch. I show that in situ 
sampling techniques, including laser ablation and secondary ion mass spectrometry (SIMS), can 
be used to sample discrete enamel maturation layers, and demonstrate that reducing sample spot 
size is not effective for reducing signal time-averaging. I also show that backscattered electron 
imaging in the scanning electron microscope (BSE-SEM) can be used to estimate changes in 
enamel mineral content along the growth axis with high spatial resolution. The innermost enamel 
layer (<20 µm from the enamel-dentine junction) is more highly mineralized than other enamel 
layers early in the maturation process, and sampling within this zone using SIMS provides the 
least time-averaged isotope profile.  
Lastly, in Chapter 6 I focus on enamel mineralization and microsampling in wild large 
mammals (equids). I demonstrate that in situ sampling with laser ablation is useful for 
investigating the relationships between enamel maturation and isotopic variability in large 
mammal teeth, but is not ideal for widespread application because it requires destructive 
sectioning and does not effectively remove signal time-averaging compared to conventional 
(hand drill) sampling. Using conventionally sampled wild eastern African equid teeth, I show 
that there is a linear relationship between intra-tooth oxygen isotopic variability and intra-annual 
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oxygen isotopic variability in precipitation. Using this approach, I estimate the magnitude or 
intensity of intra-annual variation in precipitation in the fossil record. Pleistocene hominins in 
southwestern Kenya would have experienced seasonal rainfall, similar to modern eastern African 
climates. No trend over time was detected in fossil intra-tooth δ18O range, although the number 
of localities and time periods included in this analysis are limited. 
In summary, isotopic records from mammal tissues in this dissertation demonstrate new 
ways to investigate relationships between climate and ecology in Pliocene-Pleistocene hominin 
environments. Carbon isotopes in modern primate excreta provide insight into the ecology of 
fossil hominins, and carbon isotopes in fossil mammalian herbivore tooth enamel provide insight 
into the plant-animal communities that determine selective conditions experienced by hominins. 
Oxygen isotopes in mammalian herbivore tooth enamel provide the records of terrestrial climate, 
including aridity and seasonality, in eastern Africa. These findings provide new detail on 
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Stable isotope analysis is a promising tool for investigating primate ecology althoughnuanced ecological
applications remain challenging, in part due to the complex nature of isotopic variability in plant-
animal systems. The aim of this study is to investigate sources of carbon and nitrogen isotopic variation
at the base of primate foodwebs that reflect aspects of primate ecology. Themajority of primates inhabit
tropical forest ecosystems, which are dominated by C3 vegetation. We used stable isotope ratios in
plants from Kibale National Park, Uganda, a well-studied closed-canopy tropical forest, to investigate
sources of isotopic variation among C3 plants related to canopy stratification, leaf age, and plant part.
Unpredictably, our results demonstrate that vertical stratification within the canopy does not explain
carbon or nitrogen isotopic variation in leaves. Leaf age can be a significant source of isotopic variation,
although the direction andmagnitude of this difference is not consistent across tree species. Some plant
parts are clearly differentiated in carbon and nitrogen isotopic composition, particularly leaves
compared to non-photosynthetic parts such as reproductive parts and woody stem parts. Overall,
variation in the isotopic composition of floral communities, plant species, and plant parts demonstrates
that stable isotope studies must include analysis of local plant species and parts consumed by the
primates under study from within the study area. Am. J. Primatol. © 2015 Wiley Periodicals, Inc.
Key words: stable carbon and nitrogen isotope ratios; primate ecology; tropical forests; Uganda
INTRODUCTION
Primate ecology relies primarily on direct obser-
vation, and long-term study sites reveal substantial
ecological flexibility across individuals, populations,
and species [Alberts et al., 2005; Chapman et al.,
2002a; Clutton-Brock & Sheldon, 2010; Kappeler &
Watts, 2012]. Stable isotope analysis represents a
potentially powerful tool for understanding aspects of
primate ecology that are difficult to observe, such as
feeding on items that are difficult to quantify
[Crawford et al., 2008; Sandberg et al., 2012;
Sponheimer et al., 2009]. For example, isotopic
analysis of noninvasively collected hair or feces may
be particularly useful for studying unhabituated
groups. Analyses of historical museum collections
could provide otherwise unavailable long-term per-
spectives on the ecological consequences of climate
change, habitat alteration, and overharvesting of
biological resources, which are issues critical for
conservationefforts [Beaumont et al., 2011;Chapman
& Peres, 2001; Chapman et al., 2006, 2010; Clark
et al., 2011; Effiom et al., 2013; Fa et al., 2002;
Laurance et al., 2012; Mittermeier & Cheney, 1987;
Rothman et al., 2015]. Unfortunately such nuanced
ecological applications remain challenging, in part
due to the complex nature of isotopic variability in
plant-animal systems [Ben-David & Flaherty, 2012;
Mart!ınez del Rio et al., 2009; Sandberg et al., 2012].
The aim of this study is to address one aspect
of this problem by investigating the potential
confounding sources of isotopic variation at
the base of tropical forest-dwelling primate food
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webs. Vertical stratification is a common mode of
ecological differentiation among forest-dwelling
primates [Chapman & Chapman, 1996a; Gebo &
Chapman, 1995; Houle et al., 2006, 2010; Mcgraw
& Zuberb€uhler, 2008; Pontes, 1997; Thomas, 1991;
Ungar, 1996], therefore, the application of stable
isotope analysis requires an understanding of
isotopic variation in plants within the canopy
(upper forest layer formed by mature tall tree
crowns). Unfortunately, previous isotopic studies
of plants in tropical forests inhabited by primates
focus primarily on the understory (near the forest
floor) or the subcanopy (between the understory
and canopy), and do not systematically address
isotopic variation within or near the canopy
[Blumenthal et al., 2012; Carlson & Kingston,
2014; Crowley et al., 2012; Dammhahn &
Kappeler, 2014; Fahy et al., 2013; Oelze et al.,
2011, 2014]. Additionally, primates commonly
selectively feed on young or mature leaves, due
to nutritional or chemical differences [Chapman &
Chapman, 2002; Chapman et al., 2004; Dominy &
Lucas, 2001; Ganzhorn, 1988; Milton, 1979; Oates
et al., 1980]. However, the prevalence and direc-
tion of isotopic differences associated with tropical
tree leaf age is not well understood [Cernusak
et al., 2009].
We present stable isotope ratios of carbon (d13C)
and nitrogen (d15N) in plants from a well-studied
closed-canopy tropical forest in Kibale National
Park, Uganda. We seek to investigate sources of
isotopic variation in plants that relate to aspects of
microhabitat and diet. We focus on isotopic variation
related to vertical stratification within the canopy
and leaf age, in addition to well-documented isotopic
differences among plant parts [Blumenthal et al.,
2012; Carlson & Kingston, 2014; Cernusak et al.,
2009; Crowley et al., 2013; Martinelli et al., 1998;
Medina et al., 1991; Voigt & Voigt, 2010] and
between understory and non-understory leaves
[Cerling et al., 2004; Medina & Minchin, 1980; van
der Merwe & Medina, 1989; Vogel, 1978], First, we
investigate vertical stratification in the carbon and
nitrogen isotopic composition of tree crown leaves.
The upper crown of canopy trees in Kibale receives
significantly more light and is drier than the lower
crown [Houle et al., 2007; 2014], which is predicted to
result in higher d13C values in upper crown leaves
due to the canopy effect (see below). Nitrogen isotope
ratios in leaves from the upper crown are predicted to
be higher than the lower crown, due to possible
preferential loss of 14N by volatilization at upper
canopy leaves or differential uptake of nitrogen
(NH4) with higher d15N values by larger canopy or
emergent trees [Ometto et al., 2006]. Second, we
investigate differences in the carbon and nitrogen
isotopic composition of tree crown leaves associated
with leaf age. It is predicted that young leaves will
have higher d13C values than mature leaves due to
initial heterotrophic growth and the incorporation of
carbon from existing plant reserves with higher d13C
values [Holtum & Winter, 2005; Medina et al., 1991;
Sobrado&Ehleringer, 1997; Terwilliger et al., 2001].
If d13C or d15N values in leaves vary significantly
within the canopy or by age, these categories would
need to be treated as isotopically distinct foods,
complicating interpretations of d13C values in pri-
mate tissues from individuals or species that use
multiple forest layers (i.e., understory, subcanopy,
canopy) or canopy layers (i.e., lower canopy, upper
canopy) and significantly increasing plant sampling
burdens for analyzing an arboreal community.
The ecological correlates of isotopic variability in
plants ultimately relate towell-established physiologi-
cal and biochemical mechanisms, as well as variations
in the isotopic and chemical composition of the
atmosphere and soils, that are relevant to plants
across studyareas [Dawsonetal., 2002].Therefore, our
goal is not to supersedeanalyses of isotopic baselines in
other study areas, nor to provide a comprehensive
dietary baseline for any single primate species
(particularly omnivores), but rather to use Kibale as
a model for identifying ecological correlates of isotopic
variability and to offer suggestions for appropriate
sampling strategies for applications to tropical forest-
dwelling primates.
Background to Stable Isotope Ecology
Thestable isotopic compositionofmammal tissues,
excreta, and breath relates to the isotopic composition
of ingested and assimilated food and reflects aspects of
ecology, depending on the timing and macronutrient
source of tissue synthesis [Ambrose & Norr, 1993;
Ayliffe et al., 2004; Cerling & Harris, 1999; Kohn &
Cerling, 2002; DeNiro & Epstein, 1978, 1981; Spon-
heimer et al., 2003a,b; Mart"ınez del Rio et al., 2009;
Passey et al., 2005; Robbins et al., 2005; Thomas &
Crowther, 2015; Tieszen et al., 1983; Tieszen & Fagre,
1993]. Among primates, stable isotope ratios in bone,
teeth, hair, and feces have been used to investigate
many aspects of ecology, including diet, microhabitat,
and physiology across a wide range of taxa [Crowley,
2012; Sandberg et al., 2012] including hominoids
[Fahy et al., 2013; Macho & Lee-Thorp, 2014; Oelze
et al., 2011, 2014; Schoeninger et al., 1999; Smith et al.,
2010; Sponheimer et al., 2006; Vogel et al., 2011],
cercopithecoids [Carter & Bradbury, in press; Cerling
et al., 2004; Codron et al., 2006, 2008; Krigbaum
et al., 2013; Loudon et al., 2014; Nelson, 2013;
Oelze et al., 2011; O’Regan et al., 2008; Schurr et al.,
2012], platyrrhines [Crowley, 2014; Schoeninger et al.,
1997], and strepsirrhines [Crowley et al., 2011,
2013, 2014; Dammhahn & Kappeler, 2010, 2014;
Schoeninger et al., 1998]. Despite growing interest in
isotopic studies, ecological applications remain rela-
tively simplistic, and it has become clear that
additional studies on baseline isotopic variability are
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needed to constrain interpretations of the isotopic
composition of primate tissues [Blumenthal et al.,
2012; Carlson & Kingston, 2014; Crowley, 2012;
Crowley et al., 2012; Sandberg et al., 2012]. We focus
on plants (particularly canopy leaves) because, al-
though some primates consume insects and other
fauna as staple or supplemental foods, most consume
a primarily herbivorous diet [Clutton-Brock&Harvey,
1977; Rothman et al., 2014] and leaves are often
an important part of the diet even for species
conventionally classified as frugivores or insectivores
[Chapman&Chapman, 1990; Cords, 1986; Ganzhorn,
1988; Milton, 1984; Peres, 1994; Rothman et al., 2008;
Stevenson et al., 2000; Strier, 1991; Wrangham et al.,
1998].
Carbon isotope ratios (d13C) in plants reflect
different pathways for photosynthetic fixation of
atmospheric CO2 [O’Leary, 1988]. Most dicots (trees,
shrubs, bushes, andmany herbaceous plants) use the
Calvin–Benson (C3) photosynthetic pathway, most
succulents andmany epiphytes use the Crassulacean
Acid Metabolism (CAM) pathway, and many mono-
cots (tropical grassesandsedges)use theHatch–Slack
(C4) pathway [Ehleringer & Monson, 1993]. Each
pathway discriminates differently against 13C, such
that d13C values in C3 andC4 plants range from about
!22‰ to!35‰ and!9‰ to!14‰, respectively, and
d13Cvalues inCAMplantsare intermediate or similar
to C4 plants [Bender, 1971; Bender et al., 1973;
Farquhar et al., 1989; O’Leary, 1988; Smith &
Epstein, 1971]. Some primates consume CAM or C4
plants [Codron et al., 2006, 2008; Crowley & Godfrey,
2013;Dammhahn&Kappeler, 2014;Rakotondranary
et al., 2011; Schoeninger et al., 1998], but themajority
of primates inhabit tropical forest ecosystems
[Harcourt, 2006; Mittermeier & Cheney, 1987] that
aredominatedbyC3vegetation [Cerling et al., 2011b];
therefore, interpreting d13C values in free-ranging
forest-dwelling primates relies on understanding
sources of isotopic variability among C3 plants, which
comprise most of their diets [Sandberg et al., 2012].
Variation in the carbon isotope composition of C3
plants generally relates to climate [Diefendorf et al.,
2010; Ehleringer & Cooper, 1988; Kohn, 2010; Szpak
et al., 2013], plant organ and growth form [Cernusak
et al., 2009; Martinelli et al., 1998], as well as canopy
cover and position [Medina & Minchin, 1980; van der
Merwe&Medina, 1989]. In tropical forests the “canopy
effect” is thought to be a primary determinant of
isotopic variation, which refers to increasing
d13C values in leaves with increasing height above
the forest floor due to increasing light and photosyn-
thetic rates and decreasing humidity and recycling of
soil-respired CO2 [Berry et al., 1997; Broadmeadow
et al., 1992; Cerling et al., 2004; Ehleringer et al., 1986,
1987; Graham et al., 2014; Medina et al., 1986;
Sternberg et al., 1989b; van der Merwe & Medina,
1989;Vogel, 1978].Non-photosynthetic (heterotrophic)
parts of C3 plants, such as fruit, flowers, seeds, stems,
and woody stem parts tend to have higher d13C values
than leaves [Blumenthal et al., 2012; Carlson &
Kingston, 2014; Cernusak et al., 2009; Crowley et al.,
2013; Martinelli et al., 1998;Medina et al., 1991; Voigt
& Voigt, 2010]. In general, d13C values in mammal
tissues primarily relate todiet andhabitat [Ambrose&
DeNiro, 1986; Cerling & Harris, 1999; DeNiro &
Epstein, 1978], and among forest-dwelling primates
have been used as an indicator for common modes of
primate niche differentiation including vertical strati-
fication [Schoeninger et al., 1998], vegetation structure
[Loudon et al., 2007; Schoeninger et al., 1997, 1999],
and dietary specialization [Macho & Lee-Thorp, 2014;
Oelze et al., 2014].
Nitrogen isotope ratios (d15N) in plants reflect a
wide range of biogeochemical processes that relate
primarily to N source, uptake, assimilation, and
allocation [Evans, 2001; Szpak et al., 2013; Szpak,
2014]. Generally, variation in the nitrogen isotopic
composition of plants has been linked to climate,
symbiotic fungi, and nutrient status [Ambrose, 1991;
Amundson et al., 2003; Codron et al., 2005; Craine
et al., 2009; Heaton, 1987; Martinelli et al., 1999;
Muzuka, 1999; Schmidt & Stewart, 2003; Shearer
et al., 1983; Swap et al., 2004; Virginia & Delwiche,
1982]. Animal tissues tend to have higher d15N values
than diet by approximately 3–5‰, which provides an
indicator of trophic level [DeNiro & Epstein, 1981;
Schoeninger & DeNiro, 1984], although this pattern
can be obscured by variation in plant d15N composi-
tion, dietary protein quality, physiology, and
climate [Ambrose, 1991; Robbins et al., 2005, 2010;
Sponheimer et al., 2003b]. Nitrogen isotopes in
primate tissues have been used to identify inter-
and intra-specific variability in trophic position
[Crowley et al., 2013; Dammhahn & Kappeler,
2014; Fahy et al., 2013; Gibson, 2011; Oelze et al.,
2011; Schoeninger et al., 1997], consumption of
leguminous plants [Schoeninger et al., 1998], nutri-
tional stress [Crowley et al., 2013; Vogel et al., 2011],
weaning [Retisema, 2012], and metabolic regulation
[Dammhahn & Kappeler, 2010].
METHODS
Study Site
We conducted this study in Kibale National Park
in western Uganda (approximately 795km2; 0 130–0
410N and 30 190–30 320 E). Kibale is a mature, mid-
altitude,moist-evergreentropical forest,and ishometo
13 primate species [Chapman et al., 1997; Chapman&
Lambert, 2000; Wanyama et al., 2009]. The forest is
classified as transitional between lowland rain and
montane forest, with a canopy height of approximately
25–30m and emergent trees with adult heights that
can reach 50m [Chapman et al., 2008]. The mean
annual rainfall is 1719 (1990–2006), which falls in a
bimodal seasonal pattern, and the mean daily
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minimumandmaximum temperatures are 15.1°C and
23.1°C (1990–2006) [Chapman et al., 2008].
Sample Collection
Plants were sampled from 2008 to 2011, primar-
ily from Kanyawara (ca. 1500m elevation) including
the compartments K-30, K-15, and K-14. K-15 is a
360-ha area with heavy selective logging in 1968 and
1969, K-30 is a 300-ha area that has never been
commercially harvested, and K-14 has been exten-
sively harvested [Chapman & Chapman, 1996b]. A
small number of plants were also collected in other
areas, including Dura, Mainaro, Sebatoli, and
Rwembata, and while following various primate
groups off-trail; additional details on these localities
are available elsewhere [Chapman et al., 1997;
Chapman et al., 1999; 2002b].
We group our samples by (i) plant part, including
leaves, reproductive parts (fruit and flowers), branch
stems, and bark, (ii) height category, including
understory (<5m), subcanopy (5–25m), canopy
(25–30m), and (iii) canopy type, including forest
and gap (opening in the canopy due to one or more
tree falls). Crown leaves (N¼ 320) were collected
from 60 individual trees of 10 common species by a
skilled tree-climber from two layers: (i) the upper
crown (within 1 meter from the top of the crown) and
(ii) the lower crown (within 1 meter from the bottom
of the crown). Mature and young leaves were
collected from each tree. All crown samples (“CR”
sample ID) were collected from canopy trees except
for samples of Bequaertiodendron oblanceolatum,
which is an understory species (see Supplemental
Table). Other specimens were collected from the
understory, subcanopy, or gaps by hand or with a
pole saw. Non-leafy plant matter was collected
from a subset of plants from which leaves were
collected, where samples from the same plant have
the same ID number and are labeled as “A”, “B”, “C”,
etc. (see Supplemental Table). Plants represented
include leaves from the understory, subcanopy/
canopy, and from understory and subcanopy heights
within a gap, stems from the understory and
subcanopy, plant reproductive organs (fruit and
flowers) from the forest understory and subcanopy
as well as understory heights within a gap, and bark
collected frommain trunks of trees at a height of 2m.
Height above ground for non-canopy samples was
measuredwith ameasuring tape or aLeicaDISTOTM
laser distance measurement instrument. Height
above ground measurements for canopy crown
samples are not available. Some lower crown
samples likely originate from the subcanopy (5–
25m) because canopy tree crowns vary in thickness
from4m to 24m (see Supplemental Table), therefore,
for statistical analysis we treat subcanopy/canopy
leaves as a single group. Due to small sample size, for
statistical analysis we also treat all fruit samples as a
single group.
Stable Isotope Analyses
Plant samples were dried in a food dehydrator, to
prevent mold and other chemical changes associated
with slow drying, and milled through a Wiley Mill
with a 1mm screen at the Makerere University
Biological Field Station in Kibale. Dehydrated plans
were stored in a dark, dry place between processing
and isotopic analysis in the laboratory. The chemical
composition of dried and ground plant samples
appears to be stable for long periods of time (i.e.,
years) [Ehleringer, 1991; Rothman et al., 2012].
Plant material (800–1,000mg) was combusted on a
Costech 4010 Elemental Analyzer at 950°C, and
the 13C/12C and 15N/14N ratios of resulting gas
were measured on a MAT 252 isotope ratio mass
spectrometer. Stable isotope ratios are reported
using the conventional d-notation, where d13C or
d15N¼ (Rsample/Rstandard – 1)"1000, and Rsample and
Rstandard are the 13C/12C or 15N/14N ratios in the
sample and standard for d13C and d15N. d13C and
d15N values are reported relative to internationally
accepted V-PDB (Vienna Pee Dee Belemnite) and
atmospheric air scales, respectively. Repeated iso-
tope analyses of laboratory standards of yeast and
spinach show that analytical precision was <0.1‰
and <0.2‰ for d13C and d15N, respectively.
Comparisons to d13C values in other recent or
historical datasets must account for changes in the
concentration and carbon isotopic composition of
atmospheric CO2 due to fossil fuel burning since
about 1750, and in fossil datasets for natural
variation through geologic time [Cerling & Harris,
1999; Francey et al., 1999; Long et al., 2005; Zachos
et al., 2001; Zhang et al., 2013]. The required
correction factor varies over time; mean d13CCO2
in 2008 (ca. #8.3‰) is 0.6‰ lower than in 1978
(ca.#7.7‰), compared to ca.#6.5‰ in preindustrial
atmospheric CO2 (ca. 1750) [Keeling et al., 2010;
Tipple & Meyers, 2010]. A correction should be
applied when comparing the isotopic composition of
samples collected across sufficient years (ca. 5–10)
such that the isotopic difference in atmospheric CO2
exceeds analytical precision for d13C in organic
matter (typically $0.1‰).
Data were analyzed using ANOVA and Tukey’s
HSD (honest significant difference) post-hoc tests to
identify significant pairwise differences among plant
stable isotope ratios among forest layers and parts.
Regression analysis was used to identify correlation
between stable isotope ratios of leaves in the upper
versus lower crown of canopy trees. T-tests (two-
tailed) were used to identify differences in the stable
isotopic composition of mature and young leaves of
individual tree species.
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All research, including permission to export
samples, adhered to the American Society of
Primatologists principles for the ethical treatment
of primates and to legal obligations from the
Ugandan authorities, including the Uganda Wildlife
Authority, the Ugandan Council on Science and
Technology, and the Office of the President.
RESULTS
We measured the carbon and nitrogen isotopic
composition of 424 plants from Kibale (see Supple-
mental Table). We found statistically significant
differences in plant d13C values among canopy types
(forest vs gap) and parts (leaves, fruit, and flowers,
stems, trunk bark) (ANOVA, F¼28.65, df¼ 7,
P< 0.0001) (Fig. 1 and Table I). Among leaves,
understory specimens have the lowest d13C values,
which are lower than gap leaves from understory
(P<0.01) and subcanopy heights (P< 0.001), as well
as forest subcanopy/canopy leaves (P< 0.00001).
Subcanopy/canopy leaves have higher d13C values
than gap leaves from understory heights (P< 0.05),
but are similar to gap leaves from subcanopy heights
(P>0.05). d13C values of gap leaves from understory
and subcanopy heights are similar (P>0.05). Fruit
and flowers have higher than leaves from any canopy
layer (P<0.05). Among woody parts, stems collected
in the understory have lower d13C values than stems
collected in the subcanopy (P<0.01). d13C values of
bark are higher than canopy leaves (P<0.05), but
are similar to reproductive parts (P>0.05) and
canopy stems (P> 0.05), which collectively exhibit
the highest d13C values.
We also detected statistically significant differ-
ences in plant d15N values among some plant parts
(ANOVA, F¼3.535, df¼ 7, P<0.01) (Fig. 1 and
Table 1). Bark exhibit the lowest d15N values, which
are significantly different than subcanopy/canopy
leaves (P< 0.01), understory leaves (P<0.001), gap
leaves from understory heights (P<0.05), fruit
(P< 0.05), and stems collected in the subcanopy
(P< 0.01) and understory (P<0.05). Subcanopy
stems have the highest d15N values, although only
significantly different compared to subcanopy leaves
(P< 0.01) and bark (P<0.01). Other d15N pairwise
comparisons are not significantly different (P> 0.05).
Among sampled tree crowns (N¼ 60), the aver-
age d13C values of upper crown and lower crown
leaves from each tree have a positive, linear
relationship (linear least-squares regression,
F¼ 399, r2¼ 0.87, P<0.0001) with a slope of 0.96
and a residual standard error of 0.59‰ (Fig. 2A).
Average d15N values of upper crown and lower crown
leaves also have a positive, linear relationship
(F¼ 107.7, r2¼ 0.65, P<0.0001) with a slope of
0.79 and a residual standard error of 0.94‰
(Fig. 2B). We also found significant differences
between the average d13C values of young and
mature leaves in five canopy species and one
understory species (two-tailed t-test, P<0.05)
(Fig. 3A). Young leaves had higher d13C values
than mature leaves in understory (Bequaertioden-
dron oblanceolatum) and canopy tree species (Chrys-
ophyllum sp., Diospyros abyssinica, Funtumia sp.,
Olea capensis, Strombosia scheffleri). Young leaves
had lower d13C values than mature leaves in the
canopy tree species Ficus mukusu. Average
d15N values of young leaves were significantly
different than mature leaves only in Chrysophyllum,
where young leaves had lower d15N values than
mature leaves (two-tailed t-test, P< 0.05) (Fig. 3B).
Our dataset can be combined with previously
published d13C values in plants collected in 2009–
2010 from Ngogo, Kibale [Carlson & Kingston,
2014] to examine the isotopic baseline in forests
across Kibale. The carbon isotopic composition of C3
plants (N¼ 658) is normally distributed around a
mean d13C value of "28.4# 2.2‰ with a range from
"35.8‰ to"21.8‰, and the average d13C value of C4
plants (N¼ 15) is"10.8‰with a range from"11.3‰
to "9.8‰ (Fig. 4A). The nitrogen isotopic composi-
tion of plants presented here (N¼423) is normally
distributed around a mean d15N value of 5.5# 2.1‰
with a range from "1.1‰ to 13.3‰ (Fig. 4B).
DISCUSSION
We predicted that stable isotope variation in
plants would correlate with aspects of primate
habitat (vertical canopy stratification) and diet
(leaf age, plant part). We found expected evidence
for vertical stratification in d13C values associated
with the canopy effect in understory versus non-
understory leaves, and isotopic differences among
plant parts (leaves compared to non-photosynthetic
parts such as fruit and woody stem parts) (Fig. 1).
Fig. 1. The carbon (d13C) and nitrogen (d15N) isotopic composi-
tion of plants grouped with part and known canopy height for
leaves and stems (mean#1s; N¼370). Colors indicate height:
black¼understory, gray¼understory/subcanopy, white¼ sub-
canopy/canopy. Symbols indicate plant part: circle¼ forest
leaves, upside down triangle¼ gap leaves, diamond¼ fruit,
square¼ stems, triangle¼bark.
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Unpredictably, our results demonstrate that vertical
stratification does not explain carbon or nitrogen
isotopic variation within canopy tree crowns.We also
show that leaf age can be a significant source of
isotopic variation, although the direction and mag-
nitude of this difference is unexpectedly not consis-
tent across tree species.
There is a nearly 1:1 relationship (slope is 0.96)
between d13C values in upper crown versus lower
crown leaves (Fig. 2). The lack of vertical stratifica-
tion of leaf d13C values within the canopy, given
known differences in light levels and microclimate
across canopy layers in Kibale [Houle et al., 2007,
2014] likely reflects CO2mixingwith the troposphere
[Medina et al., 1986; Sternberg et al., 1989b]. Our
results contradict a recent isotopic study on plants in
Loango National Park, Gabon, where carbon isotopic
differences due to plant part were insignificant
compared to plant height [Oelze et al., 2014],
however very few leaves from the canopy were
included, likely biasing that result. Our findings
suggest that plants sampled from the lower canopy,
which are significantly easier to collect, can likely be
used in isotopic studies of arboreal primate diets
regardless of canopy feeding height. Further, these
results suggest that carbon isotope ratios may not
represent a sensitive indicator of canopy feeding
height, as previously proposed for strepsirrhines
[Schoeninger et al., 1998] and bats [Voigt & Voigt,
2010]. This explains previously unexpected d13C
values in arboreal primates from eastern, central,
andwestern African forests that do not reflect known
vertical stratification within the canopy [Carter &
Bradbury, in press; Cerling et al., 2004; Krigbaum
et al., 2013; Nelson, 2013]. Oxygen isotopes in
primate tissues may be more sensitive to canopy
feeding height [Carter & Bradbury, in press; Cerling
et al., 2004; Krigbaum et al., 2013; Nelson, 2013],
possibly due to vertical gradients in leaf d18O values
[Sternberg et al., 1989a; Ometto et al., 2005].
Themagnitude of the canopy effect reported here
(almost 3‰) between understory and subcanopy/
canopy leaves is similar to previously reported values
from forests in Madagascar [Crowley et al., 2012,
2013] and Brazil [Martinelli et al., 1998], but
less than other paleotropical [Carlson & Kingston,
2014; Cerling et al., 2004] and neotropical forests
[Medina & Minchin, 1980; Ometto et al., 2006; Rex
TABLE I. Stable Isotopic Composition of Plants in Kibale National Park, Uganda
Plant part Canopy Height Mean d13C! 1s (‰) Mean d15N! 1s (‰)
Bark Forest Understory "26.6!0.8 2.9! 1.6
Fruit and flowers Forest Understory/subcanopy "26.5!1.6 6.2! 1.8
Leaves Forest Understory "31.1!1.5 6.1! 2.0
Leaves Forest Subcanopy/canopy "28.4!1.5 5.4! 1.9
Stems Forest Understory "30.4!1.8 4.1! 1.8
Stems Forest Subcanopy "26.5!0.5 7.6! 3.4
Leaves Gap Understory "29.5!1.7 5.4! 2.5
Leaves Gap Subcanopy "28.2!0.8 4.9! 1.2
Canopy types include forest (closed-canopy) and gap (opening in the canopy due to one or more tree falls). Height categories include understory (<5m),
subcanopy (5–25m), and canopy (25–30m).
Fig. 2. (A) Relationship between carbon isotopic composition
(d13C) of lower and upper crown layer samples (N¼320). The
slope is 0.96, r2¼0.87, and P<0.0001. (B) Relationship between
nitrogen isotopic composition (d15N) of lower and upper crown
layer samples. The slope is 0.79, r2¼0.65, and P<0.0001. Solid
lines are the measured relationships; dashed lines are the
idealized 1:1 relationship.
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et al., 2011; van der Merwe & Medina, 1989]
inhabited by primates, where differences range
from ca. 5–10‰. Therefore, the isotopic range
attributed to the canopy effect can vary markedly,
and it is critical to establish this source of baseline
variability in each study area when using carbon
isotope ratios to differentiate understory versus non-
understory foods [Blumenthal et al., 2012; Carlson &
Kingston, 2014; Rex et al., 2011; Voigt&Voigt, 2010],
or to distinguish terrestrial from arboreal folivorous
primates and other mammals [Ambrose & DeNiro,
1986; Cerling et al., 2004].
Additionally, we find evidence for the canopy
effect amongwoody parts. Canopy stems have higher
d13C values than understory stems (Fig. 1), which is
consistent with previously reported d13C values in
wood from tropical forest trees [Martinelli et al.,
1998] and suggests that woody stems and branches
contain carbon derived at least in part from nearby
leaves [Schleser, 1992]. Higher d13C values in trunk
wood compared to leaves likely results from incorpo-
ration of carbon translocated down from upper
canopy leaves, which are also characterized by high
d13C values and is where most photosynthesis in
forest trees occurs [Schleser, 1992]. However, the
specific relationship between wood and leaf d13C can
vary among different plant functional types [Li &
Zhu, 2011].
We found that the relationship between
d15N values in upper and lower crown leaves is
Fig. 3. (A) Boxplots (median and quartiles) of the carbon isotopic composition (d13C) of mature leaves (ML) and young leaves (YL)
collected in crowns of 10 common tree species. Asterisk indicates significance difference (P<0.05). (B) Boxplot of the nitrogen isotopic
composition (d15N) of mature and young leaves from 1 species; d15N values in other species were not different and are not depicted.
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more variable than d13C, but the offset remains
relatively small for most samples (Fig. 2). Therefore,
our prediction that d15N values in leaves from the
upper crown would be higher than the lower crown is
not supported. The similarity in nitrogen isotopic
composition of leaves within the canopy suggests
that isotopic variability related to omnivory or
physiology should not be obscured by vertical canopy
stratification. However, the nitrogen isotopic compo-
sition of woody parts (stems, bark) differs from non-
woody plant parts (leaves, fruit) (Fig. 1), which is
consistent with previous analyses of plants in Bwindi
Impenetrable National Park, Uganda [Blumenthal
et al., 2012]. Therefore, isotopic studies on primates
must account for feeding on woody parts, such as
bark, which is an important component of the diet
among some primates (particularly great apes)
[Knott, 1998; Nishida, 1976; Rothman et al., 2006].
Primates commonly selectively feed on young
or mature leaves, likely reflecting differences in
nutritional and chemical composition [Chapman &
Chapman, 2002; Dominy & Lucas, 2001; Ganzhorn,
1988; Milton, 1979; Oates et al., 1980], and our
results demonstrate that leaf age can be a significant
source of isotopic variation among some tree species
(Fig. 3). Consistent with our prediction, young
leaves from six canopy tree taxa (Bequaertiodendron
oblanceolatum, Chrysophyllum gorugosanum, Dio-
spyros abyssinica, Funtumia sp., Olea capensis,
Strombosia scheffleri) have higher d13C values than
mature leaves. However, we find the opposite in one
canopy tree species (Ficus mucusu) and one under-
story species (Chrysophyllum sp.), suggesting that
it is unwise to assume a consistent direction of
isotopic difference. The magnitude of isotopic varia-
tion, even among species with statistically signifi-
cant differences, is generally small (!1‰), but
in one species (Chrysophyllum gorugosanum)
the difference between mature and young leaves is
>2‰, which is similar to the isotopic difference
attributed to the canopy effect (see above). Therefore,
it may be necessary to treat young and mature
leaves of some tree species as isotopically separate
foods.
Finally, the distribution of d13C values in plants
fromKibale (Fig. 4) is similar to the distribution of C3
plants collected in ecosystems across East and
Central Africa (N¼764), including forests, wood-
lands, and savannas [Cerling et al., 2011a]. The
mean carbon isotopic composition of C4 plants from
Kibale (#10.8$0.5‰) is higher than most C4 plants
collected across East and Central Africa (#12.9$
1.2‰), consistent with previously reported d13C
values in C4 grasses from mesic, forested regions
[Cerling et al., 2003]. The mean d13C value in C3
plants from Kibale (#28.4$2.3‰) is similar to other
Afromontane forests, such as Bwindi Impenetrable
National Park, Uganda (#28.1$ 2.2‰) [Blumenthal
et al., 2012] and Aberdare National Park, Kenya
(#27.8$ 0.3‰) [Cerling et al., 2003]. By comparison,
mean d13C values of vegetation in lowland tropical
forests, such as Salonga National Park, DRC
(#29$2.7‰) [Oelze et al., 2011], Loango National
Park, Gabon (#30.5$ 3.5‰) [Oelze et al., 2014], Ta€ı
National Park, Côte d’Ivoire (#30.8$4.1‰) [Fahy
et al., 2013], Ituri Forest, DRC (#31.2$2.8‰)
[Cerling et al., 2004], and Kakamega Forest, Kenya
(#31.4$ 0.5‰) [Cerling et al., 2003] are lower, which
may relate to greater mean annual precipitation
and/or canopy cover [Diefendorf et al., 2010; Kohn,
2010]. Variation in mean d13C values among plants
in these tropical forests, all of which contain
primates, demonstrates that (i) stable isotope studies
must include analysis of local plants from within the
study area, and (ii) the isotopic composition of plant
species or parts collected from different areas are not
necessarily equivalent.
Fig. 4. Histograms of (A) carbon isotope (d13C) values (N¼673)
and (B) nitrogen isotope (d15N) values (N¼423) of plants
collected in Kibale National Park, Uganda from 2008 to 2011.
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Themean nitrogen isotopic composition of plants
from Kibale (5.5! 2.1‰) is similar to previously
reported tropical forest vegetation [Cerling et al.,
2004; Fahy et al., 2013; Martinelli et al., 1999; Oelze
et al., 2011; Ometto et al., 2006]. Among tropical
ecosystems, which have higher d15N values than
temperate ecosystems [Martinelli et al., 1999], there
is a general trend toward decreasing 15N/14N ratios
with increasing rainfall [Amundson et al., 2003;
Austin & Sala, 1999; Austin & Vitousek, 1998;
Handley et al., 1999]. Therefore, the lack of pro-
nounced nitrogen isotopic differences among forested
primate ecosystems in Africa may relate to broadly
similar climatic conditions. Further investigation is
needed on more subtle variation in nitrogen isotope
ratios in African tropical forest plants, particularly
relating to variation in N source and deposition
[Hietz et al., 2011; Houlton et al., 2007].
CONCLUSIONS
Our findings demonstrate that stable isotopic
variation in primate foods relate to aspects of
primate habitat (vertical canopy stratification) and
diet (plant part, leaf age). Based on our results, we
suggest that the null hypothesis should be that the
canopy effect drives differences in the carbon isotopic
composition of understory leaves but not variation
within the subcanopy/canopy. Isotopic differences
between young and mature leaves are minor for
many tree species, but differences related to the
canopy effect or plant part could be obscured by leaf
age in some cases.
Isotopic analyses of well-studied wild popula-
tions are important for guiding interpretations of
isotopic analyses of material from under-studied or
unhabituated wild populations as well as collections-
based studies. Based on our results, we suggest the
following plant sampling protocol for stable isotope
studies on the ecology of wild tropical forest-dwelling
primates. First, given variability in the average
isotopic composition of plants across tropical forests
inhabited by primates, it is critical to establish a local
isotopic baseline for each study area by sampling
leaves and other plant parts from multiple individu-
als of common plant species. Second, while challeng-
ing for rare or cryptic species that are difficult to
follow, it is preferable to include particular plant
species and parts consumed by the primates under
study. Specimens can be collected from individual
plants eaten or from adjacent plants, if known,
otherwise representative samples can be collected
from the study area. Third, for studies of arboreal
primates, leaves and other plant parts should be
collected from both the understory (0–5m) and
subcanopy (>5m), and it is likely not necessary to
collect specimens from the upper canopy. Fourth,
while previous reviews have suggested collecting
only mature leaves, we suggest that mature and
young leaves should be collected for pilot analyses to
test for isotopic variability before analyzing large
numbers of samples. Guidelines for designing other
aspects of an isotopic study on primates are available
elsewhere [Crowley, 2012].
Future work using Bayesian mixing models,
which have been applied to wide range of C3-feeding
wild mammal populations [Blumenthal et al., 2012;
Dammhahn &Kappeler, 2010; Hopkins & Ferguson,
2012; Kristensen & Kristensen, 2011; Parnell et al.,
2010; Selva et al., 2012], has great potential for
investigating flexibility in primate foraging strate-
gies with stable isotopes in a systematic, quantita-
tive manner. The isotopic difference between leaves
and fruit, in particular, suggests it may be possible to
detect variation in fruit and leaf feeding, which is
well known from observational studies on a wide
variety of frugivorous and folivorous primates
[Chapman, 1988; Chapman & Chapman, 1990,
1996a; Chapman et al., 2002b; Cords, 1986; Rothman
et al., 2008; Stevenson et al., 2000; Wrangham et al.,
1998] but is not well understood in rare species
[Doherty & Harcourt, 2004] or across populations of
taxa that have not been observed.
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CHAPTER 2. Detecting intraannual dietary variability in wild mountain gorillas by stable 
isotope analysis of feces. 
 
This chapter was first published in the Proceedings of the National Academy of Sciences of the 
United States of America (Year 2012, Volume 109, Pages 21277-21282) . It is reprinted here 




Detecting intraannual dietary variability in wild
mountain gorillas by stable isotope analysis of feces
Scott A. Blumenthala,b,1, Kendra L. Chritzc, Jessica M. Rothmana,b,d, and Thure E. Cerlingc,e
aDepartment of Anthropology, The Graduate Center, and dDepartment of Anthropology, Hunter College, City University of New York, New York, NY 10016;
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Edited by Richard W. Wrangham, Harvard University, Cambridge, MA, and accepted by the Editorial Board November 1, 2012 (received for review
September 19, 2012)
We use stable isotope ratios in feces of wild mountain gorillas
(Gorilla beringei) to test the hypothesis that diet shifts within
a single year, as measured by dry mass intake, can be recovered.
Isotopic separation of staple foods indicates that intraannual
changes in the isotopic composition of feces reflect shifts in diet.
Fruits are isotopically distinct compared with other staple foods,
and peaks in fecal δ13C values are interpreted as periods of in-
creased fruit feeding. Bayesian mixing model results demonstrate
that, although the timing of these diet shifts match observational
data, the modeled increase in proportional fruit feeding does not
capture the full shift. Variation in the isotopic and nutritional com-
position of gorilla foods is largely independent, highlighting the
difficulty for estimating nutritional intake with stable isotopes.
Our results demonstrate the potential value of fecal sampling
for quantifying short-term, intraindividual dietary variability in
primates and other animals with high temporal resolution even
when the diet is composed of C3 plants.
C3 photosynthesis | feeding ecology | great apes | Uganda
Traditional approaches to reconstructing diet in living animals,such as field observation and microhistological examination of
gut and fecal contents, can be difficult to apply to many known
individuals over long periods of time (1, 2). Stable isotope analysis
is a powerful tool for rapidly and noninvasively investigating ani-
mal ecology across various spatiotemporal scales. The stable car-
bon isotope composition of mammalian tissues and excreta can be
used to empirically reconstruct diet, although other ecological
factors such as habitat and geography may also be important (3, 4).
If locally available food sources are isotopically distinct, mathe-
matical mixing models can be used to estimate the proportional
contribution of multiple foods in isotopic mixtures such as animal
tissues or feces (5). This technique represents an independent
supplement to observation-based methods and is particularly ad-
vantageous when studying animals that are difficult to observe or
feeding on items that are difficult to quantify.
African great apes are the closest extant relatives of modern
humans and extinct human relatives and therefore have been used
as referential models for reconstructing hominin adaptations (6).
Abundant observational data demonstrate that extant African
apes consume foods that vary dramatically throughout the year
(7–9). It has been suggested based on intratooth isotopic vari-
ability that some early hominins also had seasonally variable diets
(10). Interpreting these values requires comparisons with extant
African great apes, yet whereas the isotope ecology of chimpan-
zees and bonobos (genus Pan) has received some attention
(11–13), gorillas (genus Gorilla) are not well studied (14).
Isotope studies of diet generally rely on the divergent photo-
synthetic pathways of C3 trees, shrubs, and temperate grasses
compared with C4 tropical grasses and sedges and the associated
bimodal distribution of stable isotope ratios of carbon (δ13C)
among plants in tropical regions (15, 16). However, this distinction
is not useful if the dietary contribution of C4 vegetation is minimal,
as documented for chimpanzees and bonobos (11–13, 17). Isotopic
variability among C3 plants results from variation in canopy
position and microhabitat, with lower canopy and forest floor fo-
liage exhibiting more negative δ13C values compared with upper
canopy and canopy gap leaves because of low irradiance and
photosynthetic use of soil respired CO2 in the forest understory
(18–23). Nonleafy C3 plant matter such as fruit sometimes exhibit
more positive δ13C values than associated foliage (22–24). The
stable nitrogen (δ15N) isotope ratios of vegetation integrates ter-
restrial nitrogen cycling and varies with temperature, precipitation,
salinity, nutrient cycling, and resource availability (25). δ15N values
in animal tissue integrate dietary input, trophic level, climate, and
physiology (26, 27).
The time scale at which isotopes are incorporated into animal
tissue depends on the timing of tissue synthesis. Bulk samples of
bone, tooth enamel, and hair provide a broad measure of diet
integrated over the period of formation, generally months to years
(28, 29). Most previous stable isotope analyses of African great
ape tissues have followed this approach (11, 12, 17, 30). Diet
change within a single year can be estimated by serial micro-
sampling tissues that form incrementally, have relatively rapid
isotope turnover rates, and are resistant to isotopic exchange after
formation, such as enamel or hair (31, 32). Intratooth enamel
isotopemeasurements represent a highly time-averaged signal due
to the prolonged period of mineralization during amelogenesis
(32, 33). Although hair is not subject to this effect, extended for-
mation times and a lag in equilibration of the body amino acid pool
with synthesizing tissues result in signal attenuation in both tissue
types (33–35). Little carbon isotopic variation throughout the year
was found in an interindividual comparison of chimpanzee hair
collected in different seasons (0.4‰) and intraindividual serial
samples of bonobo hair (1.4‰) from Senegal and the Democratic
Republic of Congo (DRC), respectively (12, 13). This stability may
reflect a lack of variability in the supply of protein, which is pref-
erentially incorporated in hair keratin relative to other macro-
nutrients (36). Greater intraannual variability in δ13C values is
evident in serially sectioned hair from taxa that feed to some de-
gree on C4 foods, such as generalist chacma baboons (Papio ursi-
nus) from South Africa (∼3‰), as well as primarily browsing
elephants (Loxodonta africana) from Kenya (∼6‰) and forest
hogs (Hylochoerus meinertzhageni) from Uganda (∼3‰) (37–39).
Stable isotopes in feces, which are composed of undigested food
matter, gut microbes, digestive secretions, and sloughed epithelial
tissues, have been demonstrated in experimental and wild settings
to reflect ingested diet in mammalian herbivores and primates
(4, 40–43).Digestive processes along themammalian gastrointestinal
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tract do not seem to consistently alter the stable isotopic com-
position of feces relative to diet (44, 45). Digestibility did not
impact the isotopic enrichment between feces and diet in Mon-
golian C3/C4 mixed-feeding domestic goats (46), but δ13C values
in domestic sheep feces overrepresented less digestible foods in
a controlled feeding experiment (47). The relevance of this to
understanding 13C-incorporation rates in feces in natural settings,
when differences in digestibility are not artificially enhanced, is
currently unclear. Fecal sampling provides an isotope record of
diet change limited only by gut retention time, which in gorillas, as
in most other primates and mammals, is a few days (48–51), and
can resolve subtle dietary shifts masked by signal attenuation in
other tissues (40, 52–54). Isotopic equilibration of all sources
contributing to feces may take several months, however, resulting
in time-averaging of short-term diet shifts (47). Monthly fecal
collections of a variety of South African ungulates reveals a
greater range of fecal δ13C values annually among mixed-feeders
(∼6‰) compared with dietary specialists (∼2‰) such as
browsers and grazers (54). Stable isotope analysis of monthly fecal
samples from South African chacma baboons reveals a range in
δ13C values similar to mixed-feeding ungulates (39), as expected
given the highly flexible diets of baboons (55, 56), suggesting that
stable isotope analysis of feces may be able to resolve fine-scale
diet shifts in individual animals.
We present drymass fruit intake and stable isotope data of feces
from four individually recognizable wild mountain gorillas and
plant foods in Bwindi Impenetrable National Park, Uganda. Ob-
servational data demonstrate that mountain gorillas (Gorilla
beringei) feed primarily on herbaceous leaves, but prefer fruit
when it is seasonally available, with additional tree leaves, wood,
and peel also contributing to the staple diet (7, 57, 58). The feeding
behavior of this group has been extensively studied, with consistent
fruit-feeding peaks in February–March and June–July (7, 57–59).
We use carbon isotopes in gorilla feces to estimate changes in fruit
feeding over a 10-mo period with a Bayesian multiple source
isotope mixing model (SIAR) (60). A Bayesian approach can be
used to estimate diet composition in underdetermined systems
(i.e., more diet sources than isotopes) and can directly account for
uncertainty and variation in the isotopic composition and ele-
mental concentrations of sources and consumer tissues, as well as
trophic enrichment factors (60). We use dry mass fruit intake to
evaluate the accuracy of mixing model results. We also examine
the relationships between the isotopic and nutritional composition
of staple foods (58). These data generally highlight the utility of
stable isotope analysis of mammal feces for estimating variation in
staple food dietary input, particularly changes in frugivory, and
inform our understanding of the stable isotope ecology of homi-
noid primates in particular.
Results
Mean dry mass fruit consumption varied bimonthly by all age-sex
classes (mixed model, F = 36.63, P < 0.0001). Fruit feeding was
greater in February–March and June–July than in October–No-
vember, December–January, and April–May (multiple compar-
isons of least squares means, P < 0.0001; Table S1). We measured
the stable isotope composition of staple foods (n = 73) collected
during the period of behavioral observation from 10 species rep-
resenting 99.1% of total dry mass intake (Fig. 1; Table S2). Staple
diet categories included herbaceous leaves (50.9%), fruit (19.3%),
tree leaves (12.0%), wood (11.7%), and peel (5.2%). We found
statistically significant differences among staple food δ13C values
(Kruskal-Wallis ANOVA, χ2 = 43.8856, df = 4, P < 0.0001). Fruit
δ13C values were more positive than herbaceous leaves and tree
leaves, and tree leaf δ13C values were more negative than herba-
ceous leaves and wood (Kruskal-Wallis multiple comparison post
hoc test, P < 0.05). We also found statistically significant differ-
ences among staple food δ15N values (Kruskal-Wallis ANOVA,
χ2 = 32.1268 df = 4, P < 0.0001). Tree leaves had more positive
δ15N values than herbaceous leaves, peel, and wood, and wood
had more negative δ15N values than fruit (Kruskal-Wallis multiple
comparison post hoc test, P < 0.0001). Weighted staple diet
δ13C and δ15N mean values were −28.4‰ and 3.2‰, re-
spectively. The mean δ13C and δ15N values of all feces samples
(121 samples from four individuals) were−28.1± 0.9‰ and 3.9±
0.5‰. The isotope enrichment e* between feces and staple diet
was 0.3‰ for δ13C and 0.6‰ for δ15N. We did not detect a re-
lationship (linear least-squares regression, P > 0.05) between
staple food δ13C or δ15N values with either fiber content (neutral
detergent fiber, hemicellulose, and cellulose) or nonstructural
carbohydrates (see Table S2 for nutrition data). We also did not
detect a relationship between staple food δ15N values and protein.
Staple food δ13C values increased with decreasing protein (linear
least-squares regression, F = 7.196, r2 = 0.3749, P = 0.01994).
An additional 67 samples from 41 plant species, including bark,
fungus, pith, shoot, stem, and twig, collected during the period of
behavioral observation were analyzed to understand the isotopic
composition of the whole diet (Table S3). Including staple foods, all
plants had mean δ13C and δ15N values of −28.1 ± 2.2‰ and 2.2 ±
2.7‰, respectively. Mean δ13C values of individual species ranged
from −32.9‰ to −22‰, whereas mean δ15N values of individual
species ranged from−5.3‰ to 7.4‰. The most 13C-enriched food
was fungus (−22‰), although only one measurement was made,
whereas tree leaves were the most negative (−30.1‰). Nonstaple
food items were rarely consumed (<1% dietary intake) (61) and
likely did not contribute substantially to the isotopic composition of
feces. Using a separate sample of staple fruits (18 samples of three
species) seeds were manually separated from pulp and skin to ap-
proximate the undigested and digested components, respectively.
Stable isotope analysis revealed that seeds had a mean δ13C value
(−26.9‰) indistinguishable from pulp and skin (−27.1‰) (Wil-
coxon test, paired, P = 0.3832; Table S4). The mean δ15N value of
fruit seeds (4.9‰) was greater than pulp and skin (4.1‰) (Student
t test, paired, P = 0.007513). Greater mass of pulp and skin was
associated with greater mass of seeds [in Chrysophyllum (linear
least-squares regression, r2= 0.5189, P< 0.001),Maesa (r2= 0.4142,
P < 0.001), and Myrianthus (r2 = 0.6198, P < 0.001; Fig. S1]. Seed
mass increases more slowly than pulp/skin in each species (slope of
linear regression less than 1).
The mean fecal δ13C value for these gorillas was −28.1‰, and
the mean range of variation was 3.7‰ (Table 1; Table S5). All
four individuals exhibited a consistent peak in δ13C values during



















Fig. 1. Stable isotope values (δ13C and δ15N) of feces (corrected for trophic
enrichment; circles; n = 121 for four individuals) from Bwindi gorillas and
of samples of the gorillas’ top five staple food sources (symbols, mean ± 2 SD;
n = 73 from 10 species).
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February and March, with a second, smaller peak or series of
peaks during June and July (Fig. 2; Fig. S2). Likewise, a uniform
trough in δ13C values was evident in both January and May. The
mean fecal δ15N value was 3.7‰ and the mean range of variation
was 2.1‰ (Table 1; Table S5). Temporal variation in feces δ15N
values across individuals was not consistent (Fig. S2). Successive
pooled monthly increments were different (P < 0.0001), except for
November–December (ANOVA, post hoc Tukey’s honestly sig-
nificant difference (HSD); Fig. 3). SIAR analysis revealed that
δ13C peaks correspond with increased proportional contribution
of fruit (mean of monthly posterior probability functions) (Fig. 3).
The timing of these peaks corresponded with fruit feeding peaks
revealed by observational data. The total range in proportional
fruit feeding estimated by the SIAR model was 14%, whereas dry
mass intake estimates revealed a range of 48% range of variation
(Table S1). Months with increased fruit feeding are associated
with decreased herbaceous leaf feeding, but variation in the esti-
mated intake of other staple foods was minor, varying by ≤10%
throughout the 10-mo interval (Table S6).
Discussion
Gorilla Diet.Our results demonstrate that stable isotope analysis of
feces collected from wild mammals feeding on C3 foods can re-
cover significant variation within a single year. Carbon isotopes in
the Bwindi gorilla feces reveal a pattern of intraannual variability
consistent across all four individuals (Fig. 2; Fig. S2). The range in
fecal δ13C values within individual profiles, averaging 3.7‰, is
greater than large mammalian herbivore dietary specialists feed-
ing primarily on either C3 or C4 foods (54) but similar to C3/C4
mixed-feeding baboons (39). This range in δ13C values sub-
stantially exceeds previously reported values for intraindividual
and seasonal-scale variation in individual hominoid primates (12,
13). Pan is known to exhibit variable feeding behavior (7–9), and
isotopic homogeneity may be an artifact of tissue choice (i.e.,
analyzing hair instead of feces) or minimal isotopic separation
among staple plant foods (13). Isotopic separation of fruit from
other staple foods (Fig. 1), lack of consistent variation in feces
δ15N values, and correspondence in time with observed changes in
fruit intake suggest that δ13C peaks in gorilla feces reflect in-
creased frugivory (Fig. 3; Fig. S2). There is no consistent re-
lationship between home range and fruit feeding among the
Bwindi gorillas (57), suggesting this pattern of isotope variability is
not likely driven by geography. Additionally, although fruit feeding
among the Bwindi gorillas may be driven by changes in fruit
availability throughout the year (59), it is not related to rainfall
seasonality (62). Dry mass fruit intake is similar to previous fruit
feeding estimates for Bwindi gorillas, which exceeds observed fruit
feeding in Virunga mountain gorillas (7, 57–59, 61). Lowland
gorillas (Gorilla gorilla) consume fruit more regularly than
mountain gorillas (2, 9). Differences in fruit intake among gorilla
populations likely reflect spatiotemporal variation in the distri-
bution of fruit species across habitats (59, 62). Chimpanzees eat
fruit more consistently year round, even when fruit availability is
low (7–9).
The SIAR Bayesian mixing model reveals a distinct pattern of
increasing frugivory associated with δ13C peaks (Fig. 3). Modeled
increases in frugivory are associated primarily with decreased
feeding on herbaceous leaves (Table S6), which is consistent with
previously reported high folivory during low frugivory months for
this population (58). The model also reveals a reduced range of
variation in estimated proportional fruit intake compared with dry
mass estimates (Fig. 3). Dry matter diet digestibility is∼18% lower
during months of high frugivory compared with low frugivory
months due to the ingestion of unmasticated, largely undigested
seeds (58). However, this is unlikely to bias the representation of
staple fruit in feces, because the mass of seeds is positively cor-
related with pulp/skin (Fig. S1), and δ13C values of seeds and pulp/
skin are indistinguishable (Table S4). Signal loss in modeled fru-
givory peaks is likely due in part to the rate of isotope incor-
poration in feces. Stable isotopes in feces can record diet shifts
with a resolution of a few days, yet complete equilibration with a
new diet may take up to several months (47). Although the reso-
lution of our observational data is limited to 2-mo intervals, some
δ13C peaks in individual fecal profiles span less than 2 mo (Fig. 2),
suggesting that fecal equilibration timemay exceed the duration of
diet shifts in these gorillas and result in some degree of time-
averaging in fecal isotope profiles. This signal loss also means that
isotopes in feces may be somewhat buffered against day-to-day
variability. Additionally, estimated fruit intake may have been
truncated by grouping stable isotope data into monthly intervals for
SIAR input. This grouping procedure was chosen as an acceptable
compromise between input sample size and time resolution (Mate-
rials and Methods) but reduced the range in feces δ13C values by
almost half to ∼2‰. Despite some signal loss, the timing of diet
change is preserved with greater temporal resolution than observa-
tional data. Individual δ13C profiles reveal that, within the directly
observed February–March fruit feeding peak, the maxima seems to
have occurred in February for one individual (Zs) andMarch for the
others (Fig. 2; Fig. S2). Within the observed June–July peak, δ13C
Table 1. Summary statistics for feces stable carbon and nitrogen isotope values
Individual δ13C mean (‰) δ13C range (‰) δ15N mean (‰) δ15N range (‰) Fecal samples (n)
Bn −28 3.9 3.8 2.2 24
By −27.8 3.7 4 2.2 29
Rk −28.2 3.6 3.7 2.1 29
Zs −28.4 3.4 4 2 35
Mean −28.1 3.7 3.9 2.1 29
SD 0.3 0.2 0.2 0.1 5



















Fig. 2. Stable carbon isotope (δ13C) profiles from feces of four gorilla
individuals (Rk and Zs are silverbacks; Bn is an adult female; By is a juvenile).










maxima are less uniform (Fig. 2; Fig. S2), consistent with the greater
dispersion in dry mass intake values (Table S1).
The stable carbon isotope enrichment between diet and feces
(e*diet-feces) of 0.3‰ found here is more enriched than previously
reported values, whereas the stable nitrogen isotope e*diet-feces of
0.6‰ contrasts with most experimentally derived values of ap-
proximately +3.0‰ (40, 63). Whereas these diet-feces enrich-
ments are relatively minor, particularly compared with other
tissues, even small differences can impact diet estimates when
foods are isotopically similar. Variability in fractionation factors
highlights the need for additional experimental work particularly
on primates, with direct sampling of gut microflora and differen-
tially digestible components that control the isotopic composition
of feces. Future stable isotope mixing models would be improved
with the incorporation of potential interindividual differences in
feces-diet spacing, which can change depending on the digestibility
of foods consumed (45).
Bwindi Plants. The mean stable carbon isotopic composition of
vegetation from Bwindi (−28.1 ± 2.2‰) is more positive than
other tropical African rainforests including the Ituri Forest (DRC)
and Kakamega Forest (Kenya), which both exhibit mean δ13C
values <30‰ (22, 28). Greater carbon isotope fractionation and
13C depletion of forest floor and lower canopy vegetation results in
δ13C values between −33‰ and −37‰. Plant δ13C values from
the lowland rainforest in Salonga National Park (DRC) are more
similar to Bwindi, whereas vegetation from Kibale National Park
(Uganda) is more positive than Bwindi (13, 30). Kibale and Bwindi
are mid- and high-altitude afromontane forests with lower mean
annual precipitation, resulting in less closed canopy structure and
thus reduced isotope fractionation in subcanopy plants (22, 64–67).
Mean δ13C values of plants from Bwindi, Kibale, and Salonga may
also partially reflect sample collection bias toward primate food
plants. This isotopic variability emphasizes the need to understand
the isotopic composition of plants among different C3-dominated
habitats, such as tropical forests, which may differ by geography or
climate. The average δ15N value of Bwindi plants (2.2 ± 2.7‰) is
typical of tropical forest vegetation (68). This value ismore negative
than the staple diet δ15N mean value because it includes additional
plant parts that are more negative than leaves and fruits (Table S3).
Although mean staple food and mean total diet plants have
similar δ13C values (differing by <1‰), particular diet categories
have distinct δ13C values that would have been masked by ana-
lyzing plants based solely on within-habitat presence or without
consideration of feeding preferences. The more positive δ13C
values of fruit and wood may stem from preferential respiratory
release of isotopically light carbon leading to an enrichment in 13C
of the plant carbon source pool available for nonleafy biomass
production (69). Wood has more negative δ15N values, which is
consistent with previous studies on tropical forest ecosystems
(70, 71). While represented by only a single sample, the very
positive δ13C value of fungus falls within the range of previously
reported saprotrophic fungi δ13C values and is more positive
than cultivated representatives of the genus by only 1–2‰ (72,
73). Isotopic variability among gorilla foods suggests it may
be possible to detect similar source separation among the diets
of other primates and forest-dwelling mammals. Further in-
vestigation is required, however, to assess the taxonomic, phy-
siological, and microenvironmental boundary conditions for
which these patterns hold. Variation in the nutritional and iso-
topic composition of gorilla staple foods is largely independent.
Fecal isotope values primarily record feeding behavior rather
than changes in nutritional intake. The negative relationship
between staple food carbon isotope values and crude protein
concentrations is weak. Our results illustrate the difficulty in
tracking seasonal shifts in nutrient intake with isotopes in pri-
mate tissues and excreta in C3-dominated diets.
Implications for Hominin Paleoecology. Laser ablation stable isotope
analysis of South African australopith tooth enamel reveals sub-
stantial intratooth isotopic variability, with differences between
about 1‰ and 7‰ (10, 74). Using growth increments (peri-
kymata) on the enamel surface to estimate elapsed time, variation
in δ13C values has been interpreted as seasonal dietary variability
within the lifetimes of individual hominins (74). Although this
might instead represent seasonal movement across differing hab-
itats (74), a strontium isotope analysis of South African hominin
tooth enamel reveals 87Sr/86Sr values characteristic of local geo-
logic substrates among a majority of specimens (75). Strontium
and carbon isotopes are both incorporated in enamel during
amelogenesis; therefore, carbon isotope variation in most indi-
viduals likely represents a dietary rather than a geographic signal.
The magnitude of intraindividual δ13C fluctuation in gorilla feces
falls within the range of many reported hominin enamel profiles,
although the maximum range among hominins exceeds that of the
almost 4‰ maximum range for gorillas (10). Although fecal iso-
tope time series closely reflects the magnitude of isotopic variation
in diet, enamel profiles represent a substantially time-averaged
signal due to the prolonged process of enamel mineralization,
which masks isotopic variability associated with very short time
scales such as days or weeks (32, 33). Thus, the isotopic record in
hominin enamel represents a minimum estimate of dietary vari-
ability that may have included significant shifts from C3- to C4-





































JN D F M A M



















Fig. 3. (A) Mean ± SD Bayesian model posterior probability distribution for
fruit intake. (B) Mean ± SD monthly δ13C values of composite fecal record.
(C) Mean ± SD percentage fruit intake derived from observational data
calculated on a dry mass basis.
21280 | www.pnas.org/cgi/doi/10.1073/pnas.1215782109 Blumenthal et al.
	 61 
suggesting fossil hominins had more variable diets than African
great apes (10).
Conclusion
Our findings reveal that some aspects of dietary flexibility in gorillas,
as observed directly and similar to known patterns in all great apes,
can be measured with stable isotope analysis of feces. Stable iso-
topes can be used to detect shifts in feeding on staple foods within
a single year even when the diet is composed of C3 foods. The
isotopic separation of fruit from other Bwindi gorilla staple foods
demonstrates the potential for extending this technique for de-
tecting frugivory in other animals. Future work with Bayesian
mixing models has great potential for estimating the magnitude
and timing of short-term diet shifts even when foods are distrib-
uted within a relatively restricted isotopic range. Establishing an
isotopic baseline comprising locally consumed foods, rather than
bulk habitat averages that do not represent the staple diet or are
derived from other geographic areas, is critical for making such
fine-scale diet estimates. This approach should be particularly
useful in situations where the time and effort demanded by con-
tinuous field observation is not desirable or possible, such as diet
estimates in populations of threatened or endangered species
in relation to anthropogenic habitat degradation and climate-
induced shifts in resource availability.
Materials and Methods
Bwindi Impenetrable National Park, located in the Albertine Rift of south-
western Uganda, is composed of contiguous tropical montane rainforest
characterized by an undulating topography of steep hills and valleys. It
extends over an area of ∼331 km2 and ranges in altitude from 1,160 to 2,607 m
(62). Behavioral observation and fecal and food plant sampling at the Ruhija
site, inhabited by the Kyagurilo group of gorillas, was conducted from Oc-
tober 2002 to July 2003 (Table S7) (34, 35). A separate sample of seeds and
pulp from the three staple fruits included in the gorilla diet were collected in
January 2012 to test whether fruit seeds and pulp had similar isotopic
compositions. Additional details on the study site, behavioral observation,
and sampling are provided in SI Materials and Methods.
Plant and fecal samples were dried and ground before analysis. 13C/12C and
15N/14N ratios of plant material (800–1,000 μg), feces (500–700 μg), and
standards (400–600 μg) were combusted on a Costech 4010 Elemental Ana-
lyzer at 950 °C. The isotope ratios of resulting gases were measured on a
FinneganMAT 252 isotope ratio mass spectrometer. Values are reported using
the conventional permil (‰) notation where δ13C = (Rsample/Rstandard – 1) ×
1,000, using the international isotope standards V-PDB (Vienna Pee Dee Bel-
emnite) for δ13C and AIR (atmospheric air) for δ15N. Repeated isotope analysis
of laboratory standards of yeast and spinach were made to measure analytical
precision, which was < 0.1‰ for δ13C and < 0.2‰ δ15N. Details of nutritional
analysis are outlined elsewhere (58, 61). Isotope enrichment (e*) was calculated
as a function of the apparent fractionation factor (α*), where α* = (1,000 +
δ13Ctissue/excreta)/(1,000 + δ13Cdiet) and e* = (α* − 1). Additional details on sta-
tistical analyses are provided in SI Materials and Methods.
We analyzed the stable isotope composition of foods and feces with the
package Stable Isotope Analysis in R (SIAR v. 4.1.1) in R, which performs well
under a variety of complex scenarios typical of biological systems (60, 76). This
mixing model is ideal for estimating mixtures (i.e., diet composition) where
there are more sources than isotopes, because under such circumstances
model results are undetermined. SIAR can incorporate uncertainty in the
isotope composition of sources and consumer tissues or excreta, elemental
concentration of food sources, and trophic enrichment factors. Uncertainty
is also incorporated in diet estimates, which are provided as posterior
probability distributions of probable solutions. The model works best when
each group includes multiple observations, which provides more accurate
estimates of intragroup variance. Data can be grouped according to eco-
logical relevance, such as demographic groups, sampling locations, or sam-
pling periods. Stable isotope measurements from gorilla feces were grouped
into monthly intervals to maximize intragroup sample size while maintain-
ing temporal resolution comparable to direct observational data. SIAR is
a nonhierarchical model and cannot estimate diets of individuals within
a group.
Requiredmodel input includes stable isotope data for diet sources (Table S2)
and consumer tissues or feces (Table S5), as well as trophic enrichment factor
(TEF) data on the isotopic separation between diet sources and consumers. TEF
estimates (mean and SD) from the literature can be used when diet-tissue en-
richment is unknown. However, we were able to precisely calculate this value,
and incorporating diet-tissue enrichment uncertainty was unnecessary. An
additional advantage of a Bayesian mixing model is the ability to incorporate
prior probabilities, which directs the model according to previously established
knowledge. Prior information on each staple diet source was included in the
model, including mean annual intake (from ref. 61) and elemental concen-
trations (Table S2). A minor value (<1%) was added proportionately to the
annual contribution of each source so that they sum tounity, as required by the
model. An estimate of statistical dispersion for one diet category can also
be supplied, and the known SD for annual fruit intake (7.4%) was used here.
The model output includes a posterior probability distribution function of
the proportional contribution of each source for each month. Correlations in
this model between predicted contribution of fruit and other sources were
weak (≤0.46). As SIAR outputs become problematic with correlations >0.6 and
posterior probability distributions were narrow, these results represent robust
estimates of fruit feeding (76). Routing should not impact these results, as the
model incorporates source elemental concentrations, and excreta should re-
cord bulk dietary input regardless of differences in digestibility among sources
(46). Additionally, the less digestible fractionof fruit consumedby these gorillas
is isotopically identical to the more digestible fraction (Results).
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SI Materials and Methods
Study Site. The Ruhija site, inhabited by the Kyagurilo group of
gorillas, ranges in altitude from2,100 to 2,500mand is characterized
by a bimodal rainfall pattern, with dry seasons during the months
of December–February as well as June–August, and wet seasons
during themonths of September–November as well asMarch–May.
Themean annual precipitation at Ruhija ranges from 1,130 to 2,390
mm, with amean of 1,436mm recorded during the study period (1).
The mean daily minimum and maximum temperatures was 13.6 °C
and 16.7 °C, respectively.
Behavior Observation and Sample Collection. The gorillas were ob-
served between August 2002 and July 2003. Plant food samples
were collected during feeding observation, either from the exact
plant eaten or from adjacent plants. Fecal samples were regularly
collected during October 2002 to July 2003 from the night nests of
four gorilla individuals, including two silverbacks (Rk and Zs), one
female (Bn), and a juvenile (By). An individual’s fecal sample was
discerned by the diameter of the fecal bolus and the position of the
nest within the group (2). Dry weights were recorded for plants
and feces.
Observation took place between 0800 and 1730 hours, although
the Ugandan Wildlife Authority allows researchers to observe
gorillas for only 4 h/d. Focal animal sampling of each individual,
from a distance of at least 5 m, was conducted for 30-min intervals
during the observation period. Observation days permonth ranged
from 15 to 29 d, and a total of 944 h of observational data were
collected by J.M.R. and/or field assistants (Table S7). When pos-
sible, focal animals were observed simultaneously by two observers,
which increases the total number of focal hours to 1,318 h. Feeding
sessions were defined as the time period between first contact with
a food item and 10 s after cessation of feeding. Food components
ingested during these sessions were counted, and dry weight food
intake was estimated using predefined consumption units of each
food that were calibrated on a monthly basis. Individual food
samples comprise plant parts from between 1 and 10 individual
plants from the same location, depending on availability. Samples
were processed in a similar manner as the gorillas. One hundred
forty-three samples, representing 64 plant parts (leaves, fruits, pith,
etc.) of 52 different plant species collected during behavioral ob-
servation, were analyzed for stable carbon and nitrogen isotope
composition (Table S3).
Statistical Analysis. Unless otherwise noted, statistics were per-
formed in the statistical computing environment R (v. 2.15.1). A
nonparametricKruskal-WallisANOVAby rankswasused to test for
differences between staple food categories. Linear least-squares
regressionwasused toexamine the relationshipbetween the isotopic
andnutritional composition of staple foods. To examine variation in
dry weight fruit intake, we used amixedmodel (procmixed) in SAS/
STAT software (SAS Enterprise), where month and age-sex were
fixed effects, and individual was considered a repeated measure
within age-sex classes. As in previous reports (1, 3–5) we separated
fruit intake into bimonthly periods because the sample size per
individual per month was small, and the variability in diets reduced
the statistical power of our models to detect biological differences.
We based these multiple comparisons on the differences between
least squared means with Tukey-Kramer adjustments.
1. Rothman JM, Dierenfeld ES, Hintz HF, Pell AN (2008) Nutritional quality of gorilla diets:
Consequences of age, sex, and season. Oecologia 155(1):111–122.
2. Rothman JM, Pell AN, Bowman DD (2008) Host-parasite ecology of the helminths in
mountain gorillas. J Parasitol 94(4):834–840.
3. Rothman JM, Chapman CA, Pell AN (2008) Fiber-bound nitrogen in gorilla diets:
Implications for estimating dietary protein intakeofprimates.AmJ Primatol 70(7):690–694.
4. Rothman JM, Raubenheimer D, Chapman CA (2011) Nutritional geometry: Gorillas
prioritize non-protein energy while consuming surplus protein. Biol Lett 7(6):
847–849.
5. Rothman JM, Dusinberre K, Pell AN (2009) Condensed tannins in the diets of primates:
A matter of methods? Am J Primatol 71(1):70–76.





Fig. S1. Measurements of mass (g) of seeds and pulp/skin from ripe staple fruits, including linear least-squares regression lines for (A) Chrysophyllum (y =
0.1078x − 0.7857, r2 = 0.5189, P < 0.001), (B)Maesa (y = 0.4676x + 0.0173, r2 = 0.4142, P < 0.001, and (C)Myrianthus (y = 0.2484x + 0.0235, r2 = 0.6198, P < 0.001).






























































































































































Fig. S2. Measurements of gorilla feces, including δ13C (black lines, open symbols) and δ15N values (gray lines, solid symbols). Isotope ratios are reported
relative to the international standard VPDB (Vienna Pee Dee Belemnite) for δ13C and AIR (atmospheric air) for δ15N. Data reported in 2-wk bins. Individuals
include two silverbacks (Rk and Zs), one female (Bn), and one juvenile (By).
Table S1. Dry mass fruit intake in 2-mo bins
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Table S2. Stable isotope measurements of staple foods from Bwindi
Category Taxon δ13C δ15N C:N CP NDF HC CS TNC
Herbaceous leaves (50.9%) Basella alba (n = 2) −29.3 7.1 9.8 28.4 25.5 10.8 9.5 23.2
Carduus sp. (n = 3) −29.7 4.5 12.8 18.9 33.0 9.2 16.1 28.0
Ipomoea involucrata (n = 1) −27.8 2.9 12.7 24.6 33.7 10.5 12.5 29.6
Mimulopsis solmsii (n = 3) −31.9 3.9 9.1 28.2 33.9 15.2 11.1 22.7
Momordica foetida (n = 1) −28.9 4.2 10.2 30.2 20.4 7.6 8.7 35.6
Triumfetta tomentosa (n = 11) −27.9 3.6 7.2 24.7 36.8 16.0 11.8 20.4
Urera hypselodendron (n = 9) −28.7 2.4 8.4 24.4 31.9 10.4 9.5 20.3
Mean −29.2 4.1
SD 1.4 1.5
Fruit (19.3%) Chrysophyllum albidum (n = 1) −26.0 4.2 32.4 10.0 40.2 10.4 11.2 24.9
Maesa lanceolata (n = 2) −25.7 6.2 27.2 11.3 29.3 7.1 10.4 10.5
Myrianthus holstii (n = 8) −27.0 4.4 15.6 8.9 55.8 12.3 25.3 10.7
Mean −26.3 4.9
SD 0.7 1.1
Tree leaves (12.0%) Myrianthus holstii (n = 24) −30.1 5.1 13.2 16.1 50.7 13.7 22.3 6.3
Mean −30.1 5.1
SD 0.6 1.0
Wood (11.7%) Wood pieces (n = 5) −26.2 −1.3 27.9 4.7 69.4 10.4 30.0 23.5
Mean −26.2 −1.3
SD 1.7 3.1
Peel (5.2%) Urera hypselodendron (n = 3) −28.1 1.9 22.5 11.4 64.8 7.4 43.3 5.4
Mean −28.1 1.9
SD 0.8 1.0
Isotope ratios are reported relative to the international standard VPDB (Vienna Pee Dee Belemnite) for δ13C and AIR (atmospheric air)
for δ15N. Percent dry mass intake is provided for each category, as well as sample size for each species. Values for each species represent
the mean of multiple analyses when more than one sample was available. Diet category means represent the mean of species means.
For diet categories including only one species, mean ± SD for that category represents that of the constituent samples for that species.
Previously published nutrition data (1) used in the analysis are included: CP, crude protein; NDF, neutral detergent fiber; HC, hemi-
cellulose; CS, cellulose; TNC, total nonstructural carbohydrates.
1. Rothman JM, Plumptre AJ, Dierenfeld ES, Pell AN (2007) Nutritional composition of the diet of the gorilla (Gorilla beringei): A comparison between two montane habitats. J Trop Ecol
23(6):673–682.
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Table S3. Measurements of all plant food samples from Bwindi
Species n Life form Part δ13C δ15N C:N
Acalypha ornata 1 Herb HL −28.7 0.3 11.0
Alchornea hirtella 1 Shrub HL −29.7 3.0 16.3
Allophylus macrobotrys 1 Tree TL −30.1 2.2 14.8
Baissia sp. 1 Liana HL −30.2 4.7 18.9
Basella alba 2 Vine HL −29.3 7.1 10.1
Carpodinus glabra 1 Liana PL −27.5 −1.0 14.5
Carduus sp. 3 Thistle HL −29.7 4.5 12.9
Cassipourea sp. 1 Tree W −28.7 0.4 10.4
Chrysophyllum albidum 1 Tree F −26.0 4.2 32.7
Crassocephalum rubens 1 Herb P −28.7 −0.3 37.1
Cyathea manniana 1 Tree fern P −26.2 1.8 73.4
Cyperus renschii 1 Sedge H −25.4 2.8 9.9
Desmodium repandum 1 Herb HL −32.9 1.5 5.3
Dombeya goetzenii 1 Tree B −27.4 3.8 17.2
Dombeya goetzenii 1 Tree TL −28.4 0.1 8.5
Englerina woodfordioides 1 Parasite TL −29.8 4.2 6.1
Ficus sp. 1 Tree F −29.1 5.5 28.9
Galiniera coffeoides 1 Shrub HL −29.1 −1.1 22.3
Ganoderma australe 1 Fungus A −22.0 5.2 5.6
Gouania longispicata 2 Vine HL −28.1 2.8 3.9
Ilex mitis 1 Tree B −27.2 1.9 76.3
Ipomoea involucrata 2 Vine HL −27.8 3.4 13.8
Ipomoea involucrata 1 Vine PL −29.1 3.3 27.7
Ipomoea involucrata 1 Vine S −28.3 −2.2 40.4
Lasianthus sp. 1 Tree TL −31.9 0.4 13.6
Maesa lanceolata 2 Tree F −25.7 6.2 26.7
Mimulopsis arborescens 4 Herb/shrub P −28.9 4.7 62.8
Mimulopsis solmsii 3 Shrub HL −31.9 3.9 9.2
Mimulopsis solmsii 1 Shrub PL −29.2 −0.9 5.9
Momordica foetida 1 Vine F −27.6 3.4 19.6
Momordica foetida 1 Vine HL −28.9 4.2 10.1
Momordica pterocarpa 2 Vine HL −26.3 4.2 21.5
Myrianthus holstii 1 Tree B −27.1 2.7 26.4
Myrianthus holstii 7 Tree F −27.0 4.6 18.0
Myrianthus holstii 3 Tree FD −28.6 5.8 27.3
Myrianthus holstii 3 Tree FU −28.3 5.3 14.3
Myrianthus holstii 33 Tree TL −30.1 5.2 16.7
Myrica salicifolia 2 Tree W −25.2 −1.9 40.9
Mystroxylon aethiopicum 1 Tree W −26.0 1.8 49.6
Olea capensis 1 Tree TL −29.5 2.3 25.7
Olinia usambarensis 1 Tree F −25.3 −1.0 15.7
Periploca linearifolia 1 Liana HL −32.0 0.4 5.6
Pilea holstii 1 Herb HL −30.3 4.3 12.5
Piper capense 2 Herb P −27.1 4.3 32.8
Podocarpus sp. 1 Tree F −25.3 −0.4 46.7
Polystachya spatella 1 Epiphyte HL −23.6 3.9 22.1
Pseudodrynaria coronans 1 Epiphyte P −23.2 2.8 36.7
Pteridium aquilinum 1 Fern H −24.7 2.0 3.4
Rapanea rhododendroides 1 Tree W −25.1 −5.3 122.8
Rubus sp. 1 Shrub HL −28.1 −2.9 16.9
Rytigynia kigenziesis 1 Shrub FU −29.1 3.1 29.0
Smilax anceps 1 Liana HL −28.3 1.0 22.0
Tapinanthus sp. 1 Parasite T −29.5 −2.7 81.8
Teclea nobilis 2 Tree F −29.5 5.5 15.2
Teclea nobilis 1 Tree FD −28.4 7.4 25.7
Triumfetta tomentosa 13 Shrub HL −27.3 3.7 9.6
Unknown orchid 1 Unknown HL −24.5 1.8 30.9
Unknown tree 1 Unknown B −28.4 2.0 26.8
Unknown tree 1 Unknown TL −31.4 −1.3 14.6
Unknown tree 1 Unknown TL −29.5 −2.6 12.3
Urera hypselodendron 9 Liana HL −28.7 2.4 10.2
Urera hypselodendron 3 Liana PL −28.1 1.9 22.1
Xymalos monospora 1 Tree TL −29.6 0.6 5.2
Xymalos monospora 1 Tree FU −27.6 −0.2 27.1
Sample size (n) is provided for each unique species/part. A, all (fungus only); B, bark; F, fruit; FD, digested fruit;
FU, unripe fruit; H, shoot; HL, herbaceous leaves; PL, peel; S, stems; T, twig; TL, tree leaves; W, wood.
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Table S4. Measurements of manually separated skin/pulp and seeds from staple fruits
Part Taxon δ13C δ15N %C %N C:N
Seeds Chrysophyllum (n = 1) −25.7 4.5 48.4 1.2 41.1
Maesa (n = 2) −27.5 3.2 52.3 2.3 23.2
Myrianthus (n = 15) −27.4 7.0 47.8 1.1 43.0
Mean −26.9 4.9 49.5 1.5 35.7
Pulp and skin Chrysophyllum (n = 1) −27.1 4.4 53.11 1.55 34.4
Maesa (n = 2) −27.0 1.4 44.46 1.57 31.23
Myrianthus (n = 15) −27.2 6.6 43.60 1.82 25.59
Mean −27.1 4.1 47.1 1.6 30.4
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Table S5. Measurements of gorilla feces
Individual Date Month δ13C δ15N %C %N C:N
Bn 10.13.02 Oct −28.4 4.9 46.1 15.7 3.3
Bn 10.17.02 Oct −27.5 3.8 46.4 13.2 3.5
Bn 10.19.02 Oct −28.5 4.0 45.6 11.1 4.1
Bn 11.18.02 Nov −28.5 4.0 47.2 15.7 3.0
Bn 11.30.02 Nov −28.9 5.3 46.7 16.4 3.2
Bn 12.18.02 Dec −28.9 4.0 48.8 13.5 3.6
Bn 12.26.02 Dec −27.6 3.6 41.7 14.0 3.0
Bn 1.5.03 Jan −29.4 3.7 47.7 11.6 4.1
Bn 1.24.03 Jan −28.3 3.2 49.9 17.4 2.9
Bn 2.13.03 Feb −28.6 3.4 47.7 11.3 4.2
Bn 2.14.03 Feb −26.5 3.4 90.8 20.8 4.4
Bn 2.15.03 Feb −28.0 4.5 54.8 17.3 3.2
Bn 2.26.03 Feb −26.8 3.8 46.8 18.8 2.5
Bn 2.28.03 Feb −25.6 3.0 44.6 21.1 2.1
Bn 3.14.03 Mar −26.7 3.6 46.9 19.1 2.5
Bn 3.30.03 Mar −27.0 4.2 50.7 15.4 3.3
Bn 4.17.03 Apr −28.9 4.1 49.0 12.3 4.0
Bn 4.29.03 Apr −28.0 3.6 46.9 15.8 3.2
Bn 5.15.03 May −29.5 3.7 50.3 15.0 3.4
Bn 5.25.03 May −27.7 3.4 46.7 22.1 2.1
Bn 6.6.03 Jun −29.0 4.0 48.3 13.0 3.7
Bn 6.26.03 Jun −28.5 4.2 48.8 12.6 3.9
Bn 7.4.03 Jul −28.0 3.2 50.6 18.5 2.7




By 10.1.02 Oct −28.4 3.0 49.1 16.7 2.9
By 10.11.02 Oct −26.2 4.6 49.7 14.7 3.4
By 10.12.02 Oct −27.2 3.8 50.5 17.4 2.9
By 10.13.02 Oct −28.8 4.9 48.7 13.1 3.7
By 10.14.02 Oct −28.1 4.7 46.9 9.2 5.1
By 10.20.02 Oct −27.6 4.4 45.4 11.5 3.9
By 10.27.02 Oct −27.4 2.7 48.5 15.3 3.2
By 11.18.02 Nov −28.3 4.0 46.3 15.3 3.0
By 11.30.02 Nov −28.3 4.2 48.4 12.0 4.0
By 12.8.02 Dec −28.4 3.6 47.5 10.2 4.6
By 12.16.02 Dec −27.5 3.8 46.6 10.1 4.6
By 1.3.03 Jan −29.8 3.4 52.7 22.5 2.3
By 1.10.03 Jan −27.6 4.3 49.7 15.9 3.1
By 2.8.03 Feb −29.1 3.8 46.6 11.8 3.9
By 2.13.03 Feb −28.0 3.5 51.1 15.5 3.3
By 2.14.03 Feb −26.8 4.4 52.8 18.8 2.8
By 2.15.03 Feb −26.9 4.3 49.2 19.9 2.5
By 2.20.03 Feb −27.3 3.9 44.2 17.6 2.5
By 2.28.03 Feb −26.1 4.4 45.4 16.4 2.8
By 3.14.03 Mar −27.1 4.3 55.4 22.3 2.5
By 3.20.03 Mar −26.6 3.4 48.3 30.4 1.6
By 4.15.03 Apr −28.7 4.1 50.7 23.2 2.2
By 4.29.03 Apr −28.6 3.5 37.9 11.4 3.3
By 5.5.03 May −29.1 3.5 34.8 12.8 2.7
By 5.25.03 May −28.1 2.9 46.8 18.6 2.5
By 6.5.03 Jun −28.4 4.0 51.7 19.5 2.6
By 6.21.03 Jun −28.2 4.0 46.4 11.6 4.0
By 7.11.03 Jul −27.1 4.6 52.4 36.1 1.5




Rk 10.1.02 Oct −28.0 2.6 48.8 16.3 3.0
Rk 10.5.02 Oct −28.6 4.7 46.5 10.3 4.5
Rk 10.8.02 Oct −28.4 3.4 47.2 16.9 2.8
Rk 10.14.02 Oct −28.6 3.8 44.1 12.5 3.5





Individual Date Month δ13C δ15N %C %N C:N
Rk 10.20.02 Oct −27.9 3.8 47.8 15.3 3.1
Rk 10.21.02 Oct −28.1 3.7 45.7 12.4 3.7
Rk 10.24.02 Oct −28.0 3.6 45.6 10.7 4.2
Rk 11.7.02 Nov −27.9 3.1 46.6 12.7 3.7
Rk 11.25.02 Nov −28.3 3.6 47.2 16.5 2.9
Rk 12.7.02 Dec −28.1 3.7 47.6 12.9 3.7
Rk 12.14.02 Dec −28.9 4.6 40.9 9.8 4.2
Rk 1.3.03 Jan −29.8 3.7 46.2 13.6 3.4
Rk 1.9.03 Jan −29.1 3.8 42.2 14.5 2.9
Rk 2.8.03 Feb −28.2 4.0 46.1 3.5 13.2
Rk 2.10.03 Feb −28.2 4.0 47.0 17.8 2.6
Rk 2.17.03 Feb −27.5 4.2 48.7 15.3 3.2
Rk 2.24.03 Feb −26.7 3.7 46.4 16.5 2.8
Rk 2.26.03 Feb −26.6 3.8 45.6 17.1 2.7
Rk 2.27.03 Feb −26.2 3.8 45.6 19.0 2.4
Rk 3.8.03 Mar −26.8 3.7 43.6 16.7 2.6
Rk 3.27.03 Mar −28.2 4.3 49.5 14.4 3.4
Rk 4.8.03 Apr −28.4 3.5 47.9 22.2 2.2
Rk 4.17.03 Apr −28.7 4.2 67.2 13.6 5.0
Rk 5.11.03 May −29.0 4.2 49.2 11.1 4.4
Rk 5.27.03 May −28.3 2.7 45.4 19.8 2.3
Rk 6.3.03 Jun −27.3 3.4 46.8 19.5 2.4
Rk 6.13.03 Jun −29.1 3.2 45.6 16.4 2.8
Rk 7.2.03 Jul −29.5 4.1 48.6 14.0 3.5




Zs 10.1.02 Oct −28.3 3.6 48.2 12.4 3.9
Zs 10.2.02 Oct −29.1 3.1 47.8 13.9 3.4
Zs 10.06.02 Oct −28.8 3.9 49.0 11.7 4.2
Zs 10.8.02 Oct −29.3 3.4 46.9 20.4 2.3
Zs 10.14.02 Oct −28.6 4.9 46.8 9.8 4.8
Zs 10.14.02 Oct −28.0 4.5 47.2 15.9 3.0
Zs 10.20.02 Oct −26.7 5.0 47.3 14.1 3.3
Zs 10.21.02 Oct −28.6 4.3 45.4 21.2 2.1
Zs 10.22.02 Oct −28.0 4.3 44.5 10.8 4.1
Zs 10.23.02 Oct −28.3 3.9 45.4 10.9 4.2
Zs 10.24.02 Oct −28.0 3.8 46.4 11.8 3.9
Zs 11.5.02 Nov −28.0 4.2 44.0 20.9 2.1
Zs 11.28.02 Nov −28.4 4.1 43.2 20.0 2.2
Zs 12.11.02 Dec −28.7 4.2 46.3 11.8 3.9
Zs 12.24.02 Dec −28.7 5.0 42.4 10.3 4.1
Zs 1.3.03 Jan −30.0 3.5 47.5 16.2 2.9
Zs 1.17.03 Jan −29.5 3.6 18.0 9.5 1.9
Zs 2.1.03 Feb −28.0 4.6 42.7 9.0 4.8
Zs 2.2.03 Feb −29.1 4.5 45.0 21.0 2.1
Zs 2.11.03 Feb −29.7 3.6 50.5 14.6 3.5
Zs 2.12.03 Feb −29.0 3.5 49.0 13.1 3.8
Zs 2.14.03 Feb −27.2 4.6 46.7 21.0 2.2
Zs 2.15.03 Feb −26.6 4.0 48.1 16.8 2.9
Zs 2.16.03 Feb −27.6 3.9 46.6 14.6 3.2
Zs 2.17.03 Feb −27.9 4.3 44.8 15.8 2.8
Zs 3.3.03 Mar −26.9 3.9 47.4 14.0 3.4
Zs 3.29.03 Mar −28.7 4.3 45.5 16.7 2.7
Zs 4.26.03 Apr −28.8 4.1 45.3 20.9 2.2
Zs 4.27.03 Apr −28.9 3.0 45.5 17.5 2.6
Zs 5.15.03 May −30.1 4.1 44.6 17.2 2.6
Zs 5.31.03 May −28.7 3.1 44.7 16.5 2.7
Zs 6.10.03 Jun −26.8 3.9 46.7 12.3 3.8
Zs 6.21.03 Jun −29.0 3.3 37.8 13.5 2.8
Zs 7.2.03 Jul −27.3 4.4 51.6 14.7 3.5





Individual Date Month δ13C δ15N %C %N C:N




Collection dates and month assignment for SIAR model input are provided.
Table S6. SIAR Bayesian model output for monthly changes in proportional staple food intake
Month
Herbaceous
leaves Fruit Wood Tree leaves Peel
Mean input SD Mean input SD Mean input SD Mean input SD Mean input SD
Oct 0.41 0.07 0.11 0.04 0.22 0.04 0.19 0.05 0.08 0.06
Nov 0.44 0.08 0.16 0.05 0.13 0.05 0.20 0.07 0.07 0.05
Dec 0.46 0.08 0.16 0.05 0.13 0.05 0.18 0.07 0.06 0.05
Jan 0.49 0.10 0.14 0.06 0.15 0.07 0.15 0.07 0.06 0.05
Feb 0.33 0.07 0.21 0.05 0.23 0.04 0.15 0.05 0.08 0.06
Mar 0.38 0.07 0.25 0.07 0.20 0.06 0.11 0.05 0.06 0.05
Apr 0.48 0.09 0.13 0.05 0.13 0.05 0.19 0.07 0.06 0.05
May 0.52 0.10 0.14 0.05 0.14 0.07 0.14 0.06 0.06 0.05
Jun 0.47 0.09 0.16 0.05 0.16 0.06 0.15 0.06 0.06 0.05
Jul 0.42 0.08 0.21 0.06 0.19 0.19 0.13 0.05 0.07 0.05
Range 0.19 0.14 0.10 0.09 0.02
Table S7. Cumulative days and hours spent observing Bwindi
gorillas
Month Days Hours
Oct 2002 24 96
Nov 2002 23 92
Dec 2002 24 96
Jan 2003 25 100
Feb 2003 25 100
Mar 2003 24 96
Apr 2003 26 104
May 2003 29 116
Jun 2003 15 60
Jul 2003 21 84
Total 236 944
Blumenthal et al. www.pnas.org/cgi/content/short/1215782109 9 of 9
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Regional variability in ecosystem changes across eastern Africa over the past 5 million years is 
poorly understood. This study uses carbon isotope ratios in fossil teeth of large mammalian 
herbivore Artiodactyla-Perissodactyla-Proboscidea (APP) taxa to infer changes in diet and 
ecosystem structure. We compare diet and ecosystem changes across three regions, including (1) 
S. Kenya & N. Tanzania, (2) the Turkana Basin in N. Kenya, and (3) the Afar region in northern 
Ethiopia. These fossil collections range in age from the early Pliocene to the Holocene, with the 
last million years well represented in S. Kenya. We find that most Pliocene ecosystems are 
dominated by C3-C4 mixed feeders. These ecosystems have no modern analog in eastern and 
central Africa. Across eastern Africa, there is a long-term increase in the proportional 
representation of C4-grazing taxa over time, primarily at the expense of C3-C4 mixed feeding 
taxa. C3 browsing taxa remain poorly represented throughout sampled fossil collections, unlike 
most modern ecosystems. There are no long-term changes in grazer:mixed feeder:browser 
(G:M:B) proportions over the past 2 million years. Pleistocene and Holocene ecosystems are 
dominated by C4-grazers, which contrasts with the abundance of C3 browsers and woody 
vegetation among most modern ecosystems in eastern Africa, including savanna/mosaics. 
Therefore, modern ecosystems may have developed recently, and may not provide useful analogs 
for reconstructing ancient environments as recently as the last few millennia. This work thus has 
important implications for understanding the ecological processes and interactions related to the 
expansion of C4 grass-dominated environments and for human evolution in the Pleistocene.  
 
INTRODUCTION 
Reconstructing the ecological context of human evolution in Africa remains a central 
challenge of paleoanthropology (Potts, 1998; Kingston, 2007a; Potts, 2013; Levin, 2015). 
Herbivore community structure and taxonomic abundance, pollen and phytolith distributions, as 
well as isotope data of paleosol carbonates, leaf wax biomarkers, and herbivore teeth indicate 
that Plio-Pleistocene environments in eastern Africa are characterized by the increasing 
availability of open, C4-dominated environments (Cerling, 1992; Reed, 1997; Bobe and 
Behrensmeyer, 2004; Feakins et al., 2005; Plummer et al., 2009b; Bonnefille, 2010; Levin et al., 
2011; Cerling et al., 2011b; Feakins et al., 2013; Barboni, 2014; Bibi and Kiessling, 2015; 
Cerling et al., 2015; Levin, 2015). A shifting resource base and increased hominin dietary 
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flexibility, associated with the exploitation of C4-derived plant and/or animal resources and the 
development of Early Stone Age technology (de Heinzelin et al., 1999; Domínguez-Rodrigo and 
Pickering, 2003; Semaw et al., 2003; Pobiner et al., 2008; Braun et al., 2010; McPherron et al., 
2010; Lepre et al., 2011; Beyene et al., 2013; Ferraro et al., 2013; Sponheimer et al., 2013; Wynn 
et al., 2013; Cerling et al., 2013b; Domínguez-Rodrigo et al., 2014; Lemorini et al., 2014; 
Harmand et al., 2015; Levin et al., 2015), may have driven biological, behavioral, and social 
innovations associated with increases in ranging, energy budgets and brain size (Ruff, 1991; 
Aiello and Wheeler, 1995; Leonard and Robertson, 1997; O'Connell et al., 1999; Wrangham et 
al., 1999; Bramble and Lieberman, 2004; Plummer, 2004; Navarrete et al., 2011; Pontzer, 2012; 
Swedell and Plummer, 2012). However, the relationship between long-term environmental and 
ecological change remains incompletely understood, largely due to a reliance on taxonomic 
uniformitarian in large-scale faunal studies (Blumenschine, 1987; Speth, 1987; Foley, 1993; 
Bromage and Schrenk, 1995; Plummer, 2004; Reed and Fish, 2005; Potts, 2007; Kingston, 
2007a).   
Most studies relating environmental change to human evolution focus on reconstructing 
aspects of vegetation structure, often framed in the spectrum of open versus closed habitats. For 
example numerous studies suggest, despite long-term trends toward increasingly open 
environments, that wooded habitats remained available on many Plio-Pleistocene landscapes 
(Plummer and Bishop, 1994; Kappelman et al., 1997; Quade et al., 2004; Kingston, 2007b; 
Barboni et al., 2010; Bonnefille, 2010; Cerling et al., 2011b; Barr, 2015; Plummer et al., 2015) 
and may have been preferred by some hominins (Blumenschine, 1987; Sikes, 1994; Quinn et al., 
2013). The persistence of closed and open habitats has led to the suggestion that many 
paleoenvironments were spatially heterogeneous mosaics, and that hominins may have used an 
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increasingly broad range of habitats over time, rather than being tied to any particular habitat 
type (Bobe and Behrensmeyer, 2004; Plummer, 2004; Wynn, 2004; Kingston, 2007a; Plummer 
et al., 2009b; Reynolds et al., 2015). 
The adaptive significance of environmental heterogeneity and variability (Kingston, 
2007a; Potts, 2013) is often contrasted with the notion that hominins had a long-term association 
with the savanna biome (deMenocal, 2004; Cerling et al., 2011b; Domínguez-Rodrigo, 2014). 
However, this apparent discrepancy can in part be reconciled by the fact that modern savannas 
are inherently heterogeneous and, while characterized by a wide variety of habitats (Sankaran et 
al., 2005; Ratnam et al., 2011; Parr et al., 2014), should be associated with a coherent set of 
selection pressures related to resource availability and predation risk (Domínguez-Rodrigo, 
2014). Due to common colloquial misuse of the term ‘savanna’ it may be preferable to simply 
refer to these biomes as mosaics, although tropical savannas are well-defined as a mixed C4 
grass-tree landscape with a continuous grass/herbaceous ground layer and a discontinuous 
woody layer maintained by rainfall, fire, herbivory, and soil fertility (Scholes and Archer, 1997; 
Sankaran et al., 2005; Good and Caylor, 2011; Lehmann et al., 2011; Ratnam et al., 2011; 
Cerling et al., 2011b; Guan et al., 2014; Parr et al., 2014; Cerling et al., 2015). This definition 
corresponds to ca. 10-80% woody cover, which includes vegetation structure categories 
grassland, wooded grassland, and woodland/bushland/thicket/shrubland, as defined by the United 
Nations Educational, Scientific, and Cultural Organization (UNESCO) (F. White, 1983). In this 
study we recognize this “savanna/mosaic” biome that includes both open and closed 
environments, and the “grasslands” biome that corresponds to <10% woody cover. Together, 
these tropical grassy biomes are associated with a unique set of ecological processes and 
interactions that contrast with tropical forest, steppe, and desert biomes (Parr et al., 2014). For 
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the purposes of identifying the principal set of selection pressures experienced by hominins, 
distinctions among biomes are adaptively significant, while variation in habitat structure (open 
vs closed) within a biome is not necessarily sufficient (Domínguez-Rodrigo, 2014).  
The fundamental trophic structure of African large mammalian herbivores includes 
grazers, mixed feeders, and browsers (G:M:B) (Hofmann and D. Stewart, 1972; McNaughton 
and Georgiadis, 1986), and the balance of these dietary guilds reflect aspects of ecosystem 
structure (D. Cumming, 1982). The savanna/mosaic biome is characterized by mixed 
communities of Artiodactlya-Perissodactyla-Proboscidea (APP) herbivores that are not 
dominated by any individual dietary guild, while forest biomes (woody cover > 80%) and 
grassland biomes (woody cover < 10%) are characterized by more homogenous herbivore 
communities dominated by C3 browsers and C4 grazers, respectively (Cerling et al., 2015). Diet 
shifts among individual APP herbivore lineages results in changes in the relative abundance of 
feeding guilds, which can be expressed as the proportions of grazers (G), mixed feeders (M), and 
browsers (B), or G:M:B (Cerling et al., 2015). 
Some aspects of fossil mammalian herbivore diet can be inferred through taxonomy, 
craniodental morphology, and dental wear patterns (Reed, 1997; Spencer, 1997; Fortelius and 
Solounias, 2000; Bobe and Behrensmeyer, 2004; Ungar et al., 2007; Louys et al., 2012; J. R. 
Scott, 2012). However, stable isotope analysis provides a more direct means to classify herbivore 
diets and to examine changes in the composition of herbivore communities (Sponheimer et al., 
1999; Sponheimer and Lee-Thorp, 2003; Lee-Thorp et al., 2007; Ségalen et al., 2007; Plummer 
et al., 2009a; Cerling et al., 2015) unbiased by taxonomic uniformitarianism, observer or 
classification error, and decoupled changes in environments, behavior, and morphology 
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(Domínguez-Rodrigo and Musiba, 2010; Bibi et al., 2013; DeSantis et al., 2013; Lister, 2013; 
Louys et al., 2015).  
Stable carbon isotope ratios 13C/12C (δ13C) in tooth enamel of modern and fossil African 
herbivores can distinguish between C4 grazers (>75% C4 vegetation), C3-browsers (<25% C4 
vegetation), and C3-C4 mixed feeders (Cerling et al., 1997; Cerling and J. M. Harris, 1999; 
Cerling et al., 2003; Sponheimer et al., 2003; Uno et al., 2011; Cerling et al., 2015). Herbivore 
enamel isotope records reflect ecological information at the time scale of fossil preservation (101-
5 years) and the spatial scale of fossil collection and herbivore ecology (100-4 km), and are well-
suited to investigate the dominant long-term paleoecological conditions associated with 
mammalian and human evolution (Kingston, 2007a; Bedaso et al., 2013; Cerling et al., 2015).  
Paleoecological reconstruction using G:M:B proportions, as defined by the carbon 
isotopic composition of herbivore enamel, requires two major assumptions. First, it is assumed 
that significant contribution of C3 grasses is unlikely, given the restricted distribution of modern 
C3 grasses above 2000 m in elevation (Tieszen et al., 1979b). Additionally, the persistence of 
herbivores with C4-dominated diets throughout the Plio-Pleistocene suggests that a diet 
dominated by C3 grass would require selective feeding by photosynthetic pathway (Cerling et al., 
2015). The carbon isotopic composition of plants (mostly succulents) using the Crassulacean 
acid metabolism (CAM) can be intermediate between C3 and C4 plants (M. Bender, 1971; M. M. 
Bender et al., 1973), but these plants are a minor component of most herbivore diets and 
herbivore diet estimates using δ13C values are consistent with both rumen contents and fecal 
grass DNA (Tieszen et al., 1979a; Kartzinel et al., 2015). Second, it is assumed that there is no 
ecological-specific taphonomic bias in dental tissue preservation, and that preservation and 
collection biases are relatively consistent across space and time. 
	 77 
Carbon isotopes in fossil herbivore teeth from northern Kenya demonstrate that the shift 
to a C4-dominated diet among many herbivore families, beginning with equids, occurred during 
the late Miocene and early Pliocene (ca. 10-4 Ma) coincident with a global expansion of C4 
vegetation (Uno et al., 2011). Over the past 4 million years most herbivore lineages consumed a 
significant amount of C4 resources, although a few browsing taxa persisted in Turkana, including 
Deinotherium, Diceros, Giraffa, and the Neotragini (Cerling et al., 2015). The diets of some 
fossil taxa are dramatically different from their modern relatives, particularly bovids in the tribes 
Antilopini and Tragelaphini, Loxodonta, and suids in the Kolpochoerus/Hylochoerus lineage 
(Cerling et al., 2015). However, the timing of herbivore diet changes over the past 1 million 
years, and therefore the time depth of extant herbivore diets, is not well understood.  
Despite the relatively early switch to C4-dominated diets in some taxa, most Pliocene and 
Early Pleistocene (ca. 4.1-2.35 Ma) herbivore communities in the Turkana Basin were mixed, 
similar to modern savanna/mosaic ecosystems (Cerling et al., 2015). In the Early Pleistocene (ca. 
2.35-1.0 Ma) herbivore communities become dominated by C4-grazers, indicating more grass-
dominated environments. These C4 grazer-dominated communities included numerous taxa that 
are currently extinct, including Sivatherium, Notocheorus, Eurygnathohippus, Elephas (now 
extinct in Africa), as well as Paranthropus and Theropithecus (now restricted to the Ethiopian 
Highlands), and taxa that have switched to browsing such as Loxodonta, Tragelaphini, and the 
Potamochoerus/Kolpochoerus/Hylochoerus lineage (Cerling et al., 2011a; 2013a; 2015). The 
appearance of grazer-dominated ecosystems in Turkana during the Pleistocene may be associated 
with significant taxonomic changes in herbivore communities (Behrensmeyer et al., 1997; Bobe 
and Behrensmeyer, 2004; Bibi and Kiessling, 2015) as well as decreasing woody cover (Cerling 
et al., 2011b), demonstrating that environmental and ecological change in Turkana may have 
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been coupled. However, environmental and ecological records of any individual area are biased 
by local basin dynamics, and it is necessary to take a multi-basin perspective in order to link 
paleoecological dynamics with broader patterns of hominin behavioral and biological adaptation 
(Bobe et al., 2007; Levin et al., 2011; Cerling et al., 2011b; Levin, 2015).  
Long-term paleoecological change over the past 1 million years in eastern Africa remains 
particularly poorly understood, due to the limited availability of empirical terrestrial records 
(Basell, 2008; Blome et al., 2012). This time interval includes the appearance of Middle Stone 
Age and Later Stone Age technology and the evolution of biologically and behaviorally modern 
humans (Ambrose, 1998; McBrearty and Brooks, 2000; Tryon and McBrearty, 2001; McDougall 
et al., 2005; Klein, 2008; Johnson and McBrearty, 2010; Tryon et al., 2015). Eastern Africa 
provides the first fossil evidence of anatomically modern humans (McDougall et al., 2005), and 
may represent the genetic and behavioral source of subsequent dispersals out of Africa 
(Ramachandran et al., 2005; Gonder et al., 2006; Gunz et al., 2009; Armitage et al., 2011; 
Elhassan et al., 2014; Reyes-Centeno et al., 2014). The Middle and Late Pleistocene is associated 
with the appearance of taxonomically modern mammalian herbivore communities, although the 
ecological context of this turnover event is not well understood (Potts and Deino, 1995; Faith et 
al., 2012). The presence of many extinct herbivores in the Lake Victoria Basin as recently as ca. 
33-45 ka, including Kolpochoerus and multiple bovids including Syncerus antiquus, 
Megalotragus sp., Damaliscus hypsodon, Rusingoryx atopocranion, and Aepyceros sp. nov., 
demonstrates relatively late survival of non-modern communities and suggests that ecological 
changes towards the end of the Pleistocene may have played an important role in faunal turnover 
(O'Regan et al., 2005; Faith et al., 2011; 2012; 2013; Faith, 2014; Faith et al., 2015). 
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We present carbon isotope ratios from fossil tooth enamel identified to the family to 
species level from southern Kenya. The last 3 million years is well-represented in this region, 
including fossils from Rawi, Kanam, Kanjera, Karungu, Rusinga and Mfangano Islands, and 
Gogo Falls (Behrensmeyer et al., 1995; Ditchfield et al., 1999; Tryon et al., 2010; Blegen et al., 
2015; Chritz et al., 2015; Faith et al., 2015). We compile previously published carbon isotope 
values from herbivore tooth enamel from Pliocene and Pleistocene sites in northern Tanzania 
(Kingston, 2007b; van der Merwe, 2009; Kingston, 2011; van der Merwe, 2013) to generate a 
Pliocene-Pleistocene record for southern Kenya and northern Tanzania (n > 1000), which we 
compare to Pliocene-Pleistocene sites in Turkana (n > 850) (Cerling et al., 2015), and Pliocene-
Pleistocene sites in the Afar region of northern Ethiopia (n > 500) (Levin et al., 2008; T. D. 
White et al., 2009; Bedaso et al., 2010; 2013; Wynn et al., 2013; Levin et al., 2015). We evaluate 
changes in APP herbivore diet and ecosystem structure (G:M:B) over the past 4 million years to 
address two major issues in hominin paleoecology. First, we document differential diet change 
among herbivores and identify the magnitude and timing of ecological differences between fossil 
and modern relatives, particularly over the past 2 million years. Second, we investigate whether 
long-term paleoecological change accompanies well-known environmental changes associated 
with the expansion of C4 vegetation across eastern Africa. While climatic forcing is typically 
emphasized as a driver for long-term environmental change, we evaluate the potential 
significance of ecological dynamics for understanding human evolution. 
Isotopic records of fossil herbivore tooth enamel are available from other regions, 
including central (Zazzo et al., 2000), southeastern (Bocherens et al., 2011; Lüdecke et al., 
2016), and southern Africa (Lee-Thorp and Beaumont, 1995; Sponheimer et al., 1999; Luyt and 
Lee-Thorp, 2003; Sponheimer and Lee-Thorp, 2003; Lee-Thorp et al., 2007), but this study is 
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restricted to eastern Africa where the chronological and geological context of the fossils and 
archaeology are best constrained. 
 
MATERIALS AND GEOLOGICAL CONTEXT 
Fossil teeth were chosen from paleontological and archaeological collections housed in 
the National Museums of Kenya (Nairobi). Late Pliocene to Middle Pleistocene fauna from 
southern Kenya are derived from the Homa Peninsula, located on the southern margin of the 
Winam Gulf of Lake Victoria. This area is dominated by the Homa Mountain Carbonatite 
Complex, and has a long history of paleontological and geological research (Oswald, 1914; L. 
Leakey, 1935; Kent, 1942a; Saggerson, 1952; Le Bas, 1977; Pickford, 1984; 1986; 1987; 
Behrensmeyer et al., 1995; Ditchfield et al., 1999). Many significant fossils were collected in this 
area, including type specimens of Theropithecus oswaldi, Nyanzachoerus kanamensis, 
Metridiochoerus andrewsi, Giraffa jumae, and Anancus kenyensis. Other primate fossils include 
representatives of cercopithecidae including the genera Cercopithecoides, Cercopithecus, 
Colobus, Lophocebus, and Theropithecus, as well as Holocene humans (L. Leakey, 1936; 
Delson, 1993; Plummer et al., 1994; Plummer and Potts, 1995; Harrison and E. E. Harris, 1996; 
Frost et al., 2003). The oldest deposits on the Homa Peninsula are Mio-Pliocene in age, including 
the Kanam and Homa Formations exposed in the Kanam Gully System that preserve a diverse 
large mammal fauna (Pickford, 1987). Geological and paleontological study of these deposits is 
currently underway, and these fossil are not included in the present study. Plio-Pleistocene 
deposits in the Rawi, Kanjera, and Kasibos Formations have been the continued focus of 
geological, paleontological, and archaeological research since an expedition by the Smithsonian 
Institution in 1987-88 (Plummer and Potts, 1989; Plummer, 1991; Plummer et al., 1994; 
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Behrensmeyer et al., 1995; Plummer and Potts, 1995; Ditchfield et al., 1999; Plummer et al., 
1999; Bishop et al., 2006b; Ferraro, 2007; Braun et al., 2008; 2009a; 2009b; Plummer et al., 
2009b; Ferraro et al., 2013; Parkinson, 2013; Lemorini et al., 2014).  
The Rawi Formation is exposed in the Rawi Gully System and the western branch of the 
Kanam Central Gully, and is divided into two members (Lower and Upper) (Kent, 1942a; 
Ditchfield et al., 1999; Frost et al., 2003). As previously described (Ditchfield et al., 1999), the 
Lower Member is a ca. 2.5 m thick sequence of conglomerates in a poorly-sorted silt to coarse 
sand matrix fining upwards into a fine- to medium-grained micaceous sandstone, and is 
interpreted as a fluvial system. The Upper Member is a ca. 13.5 m thick sequence with 
alternating horizons of cm-thick fine sand and silt interbedded with fine to medium sandstone up 
to ca. 20 cm thick, and includes numerous complete fish fossils. These sediments are sometimes 
referred to as the “Fish Cliffs” (Kent, 1942a) and are interpreted as a shallow lacustrine 
depositional system. The large mammal fossil assemblage is diverse, largely derived from silts 
and sands of the upper third of the sequence. Unfortunately, a large number of these specimens 
were collected by Louis Leakey in the 1930s and are not included in the present study as they are 
currently stored in the Natural History Museum, London. The Rawi Formation is dated with a 
combination of biostratigraphy and magnetostratigraphy. The presence of Notochoerus cf. eulius 
and Metridiocheorus andrewsi suggest an age range of ca. 3.36-2.0 Ma, which is consistent with 
normal geomagnetic polarity during C2An.1n (2.581-3.032) or C2An.2n (3.116-3.207 Ma) 
subchrons within the Gauss Chron (Ditchfield et al., 1999; Lourens, 2004). The craniodental 
morphology of M. andrewsi is intermediate between known late Pliocene and Early Pleistocene 
specimens, which suggests that deposition during the C2An.1n is more likely (Frost et al., 2003). 
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The Kanjera Formation is a 36 m thick sequence exposed north of the Homa Mountain 
complex divided into two members (South and North) (Behrensmeyer et al., 1995; Ditchfield et 
al., 1999). The Southern Member includes Early Pleistocene sediments exposed at Kanjera South 
and is comprised of six beds, from oldest to youngest KS-1 to KS-6. As previously described 
(Ditchfield et al., 1999; Plummer et al., 2009b), lower KS-1 exhibits little internal stratification 
and no pedogenic development, and includes evidence of catastrophic flow of pyroclastic 
material from the Homa Mountain complex to the south. Upper KS-1 is well-bedded, more 
strongly sorted, and pedogenically altered, reflecting intermittent low-energy alluvial and fluvial 
flow. Brief high energy flow events are indicated by several thin conglomerate lenses. KS-2 is 
similar to KS-1 but is characterized by stronger pedogenic alteration. KS-3 includes pedogenic 
features, a small channel, and evidence of wet-sediment deformation, indicative of stable land 
surfaces as well as occasional waterlogging. KS-4 is characterized by alternating horizons of 
homogenous clay and paleosols, which is interpreted as intervals of lake transgression. KS-5 
includes gravels indicative of fluvial deposition as well as a pedogenically altered clay facies. 
The most fossiliferous beds are KS-1 to KS-3 (NISP >3500), which also include abundant 
Oldowan (Mode 1) lithics (>4000 pieces) (Braun et al., 2008; Ferraro et al., 2013). Hominins 
were the primary agent of deposition, except material in conglomerate lenses (Plummer et al., 
1999; Ferraro et al., 2013). The carbon isotopic composition of paleosol carbonates (-2.6‰ to 
+1.6‰ from KS-1 and KS-2) and herbivore tooth enamel (primarily KS-2), as well as bovid 
taxonomic abundance and proportional representation of bovid diet categories, indicates the 
presence of an open, C4 grass-dominated ecosystem (Ditchfield et al., 1999; Plummer et al., 
1999; 2009a; 2009b). The carbon isotopic composition of paleosol carbonates from KS-4 (-6.2‰ 
to +3.6‰) and KS-5 (-6.6‰ to -0.6‰) indicates more variable vegetation including more C3 
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plants than the older beds (Plummer et al., 1999). Kanjera South is dated through a combination 
of biostratigraphy and magnetostratigraphy. The presence of Deinotherium sp, Metridiocheorus 
andrewsi, and Equus provides an estimated age range of ca. 2.3-1.7 Ma. There is a reversed 
sequence in Beds KS-1 to KS-3, and normal in Beds KS-4 and KS-5, which is identified as the 
Olduvai Subchron C2n (1.778-1.945 Ma). Therefore, KS-1 to KS-3 archaeological levels are 
slightly older than 1.95 Ma, and given the apparent rapidity of deposition we use an estimated 
age of ca. 2.0 Ma (Plummer et al., 2009b; Ferraro et al., 2013). We use the range of the Olduvai 
Subchron as the age estimate for KS-5, and 1.98 Ma (2.0-1.95) for KS-4, which was deposited 
between KS-3 and KS-5. Kanjera South fossil tooth enamel δ13C values used in the present study 
include previously published analyses of herbivores, primarily from KS-2 (Plummer et al., 
2009b), which is expanded here to include significantly more taxa and individuals from KS-1 
and KS-3. 
The Northern Member of the Kanjera Formation includes Early to Middle Pleistocene 
sediments, exposed at Kanjera North and Kanjera Middle, and includes five beds KN-1 to KN-5 
from oldest to youngest (Behrensmeyer et al., 1995). As previously described (Behrensmeyer et 
al., 1995), KN-1 and KN-2 are predominately volcaniclastic and represent fluviolacustrine 
deposition associated with an alluvial fan prograding into a shallow lake. KN-3 is also dominated 
by volcaniclastic sediments, but with finer sediment textures indicative of low-energy 
depositional characteristic of swamp or lake margin environments. KN-4 includes pedogenically 
altered clays indicative of sub-aerial conditions such as a mudflat. Lower KN-5 includes thick, 
homogenous clays and silt, without the coarse volcaniclasts associated with KN-1 to KN-4, 
indicates the presence of swamp or lacustrine environments. Upper KN-5 has more sand and silt, 
indicating more sub-aerial exposure compared to lower KN-5. Kanjera North is highly 
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fossiliferous, including surface and in situ collections, and Early Stone Age artifacts have been 
collected from Beds KN-2 to KN-5 (Plummer, 1991; Ditchfield et al., 1999). The Northern 
Member postdates the Southern Member, as indicated by a more derived large mammal faunal 
assemblage that lacks Deinotherium and Metridiocherosu andrewsi but includes M. compactus 
(KN-2 to KN-4), M. hopwoodi (KN-3), Kolpochoerus limnetes, and Phacochoerus sp. (KN-5) 
(Ditchfield et al., 1999). Therefore, the long reversed sequence in KN-1 likely postdates the 
Olduvai Subchron C2n (1.945-1.778 Ma), and the reverse to normal transition in KN-3 likely 
represents the appearance of the Cobb Mountain C1r.2n (1.185-1.173 Ma) or Jaramillo C1r.1n 
(1.072-0.988 Ma) reversals (Behrensmeyer et al., 1995). This means that the age for KN-2 is 
likely between the Olduvai Subchron and Jaramillo (1.778-1.1072 Ma). Normal polarity in KN-5 
likely represents deposition within the Brunhes C1n (<0.781 Ma), which is consistent with the 
likely presence of an uncomformable contact with the lower beds and the presence of more 
derived fauna such as Phacochoerus sp. Therefore, KN-3 and KN-4 were deposited between the 
Cobb Mountain reversal and the Brunhes (1.173-0.781 Ma). More work is needed to further 
refine the age of these deposits. 
The Kasibos Formation is ca. 7 m thick sequence exposed at Kanam East (Ditchfield et 
al., 1999). As previously described (Ditchfield et al., 1999), these deposits include fine-grained, 
poorly consolidated clays and siltstones including paleosols carbonates interbedded with 
conglomerate horizons. Cross-bedding features are present in a clay-dominated sequence, which 
indicates fluvial deposition. Clay facies may represent flood plain deposits associated with the 
fluvial system. The large mammal fauna is diverse and abundant, including surface and in situ 
collections (Ditchfield et al., 1999). The Kasibos Formation is dated with a combination of 
magnetistratigraphy and biostratigraphy (Ditchfield et al., 1999). The presence of Kolpochoerus 
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majus, Kolpochoerus limnetes, Metridiochoerus cf. modestus, and Equus sp. suggests a 
maximum age of ca. 1.8 Ma. The partial skeleton of Dinofelis piveteaui found near the top of the 
Kasibos sequence indicates a middle-to-late Early Pleistocene age. Therefore, the normal 
sequence in the Kasibos Formation likely represents the Jaramillo Subchron (1.072-0.988 Ma). 
This age is consistent with surface Acheulean bifaces and other lithics that may be derived from 
the Kasibos Formation, although these artifacts may be associated with the poorly defined 
Abundu Formation (Ditchfield et al., 1999). 
We include fossils from Nyayanga, a recently discovered locality located east of the 
Homa Mountain complex. Nyayanga includes a 16 m thick sequence of primarily fluvial 
sediments. Fossils of a diverse large mammal fauna are eroding from a ca. 1 m pedogenically 
altered silty clay horizon. We provisionally date this assemblage to ca. 2.7-2.33 Ma based on 
biostratigraphy (co-occurrence of Deinotherium, Eurygnathohippus [and absence of Equus], 
relatively small Metridiochoerus andrewsi, Notochoerus cf. scotti, and Paranthropus cf. 
aethiopicus). The carbon isotopic composition of paleosol carbonates (between ca. -2‰ and -
7‰) is consistent with wooded grassland (ca. 10-40% woody cover) (Plummer et al., in prep).  
Late Pleistocene fauna from southern Kenya are derived from Karungu, which is located 
ca. 65 km southwest of the Homa Peninsula along the shores of Lake Victoria. Miocene sites at 
Karungu were initially explored by Oswald, and subsequently L.B.S. Leakey, with recently 
renewed paleontological research (C. W. Andrews, 1911; 1914; Newton, 1914; Oswald, 1914; P. 
Andrews, 1981; McNulty et al., 2015). Although first noted by Owen and mapped by Pickford, 
the Pleistocene sediments have only recently been the focus on renewed archaeological, 
geological, and paleontological investigation (Owen, 1937; Pickford, 1984; Faith et al., 2013; 
Blegen et al., 2015; Faith et al., 2015; Beverly et al., 2015a; 2015b). As described elsewhere 
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(Faith et al., 2015; Beverly et al., 2015b), the deposits at Karungu include a ca. 10.5 m sequence 
of siltstone and mudstone with paleosol, conglomerate, tephra, and tufa deposits. The sequence is 
most complete at Kisaaka, which has been correlated to deposits at other nearby localities 
Aringo, Onge, Aoch Nyasaya, and Obware by the chemical composition of tuffs (Blegen et al., 
2015). All in situ and most surface lithics collected at Karungu are typologically Middle Stone 
Age, including Levallois cores and bifacially worked points (Faith et al., 2015). The age of these 
deposits is estimated by AMS 14C dates from Kisaaka and Aringo, providing a minimum age of 
ca. 45 Ka, OSL ages from channel deposits ranging from ca. 47 to 51 Ka, and U-series dates of 
tufa deposits near the base of the section, which range from ca. 111-94 Ka and provide a 
maximum age estimate (Blegen et al., 2015; Faith et al., 2015; Beverly et al., 2015b). The 
composition of tephras are consistent with distal airfall deposition from Late Pleistocene Rift 
Valley sources (Blegen et al., 2015). The presence of a grass-dominated ecosystem is indicated 
by a large mammal fauna dominated by Alcelepahini and equids, particularly open-habitat 
adapted extinct alcelaphins Rusingoryx atopocranion and Damaliscus hypsodon (Faith et al., 
2011; 2012), and a preliminary analysis of the carbon isotopic composition of bovid and rodent 
tooth enamel (Faith et al., 2015). Sedimentological, mineralogical, and geochemical analyses of 
tufas and paleosols indicates semi-arid climatic conditions and the presence of spring-fed rivers 
flowing through an open, C4-dominated environment (Beverly et al., 2015a; 2015b). Karungu 
fossil tooth enamel δ13C values used in the present study include previously published analyses 
of a small number of bovids (Faith et al., 2015), although the number of taxa and individuals in 
the present study is expanded to include all major APP taxa. 
Additional Late Pleistocene fauna is derived from Rusinga and Mfangano Islands, located 
near the mouth of the Winam Gulf of Lake Victoria. Miocene fossils have long been the focus of 
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paleontological study, including recently renewed geological and paleontological research (Le 
Gros Clark and L. Leakey, 1949; P. Andrews, 1981; Walker and Teaford, 1988; Peppe et al., 
2009; Ungar et al., 2012; Michel et al., 2014; McNulty et al., 2015; Shearer et al., 2015). 
Pleistocene deposits were noted during early surveys by Kent and Pickford, but these artifact- 
and fossil-bearing sediments have only recently been the focus on renewed archaeological, 
geological, and paleontological investigation (Kent, 1942b; Pickford, 1984; Pickford and 
Thomas, 1984; Pickford, 1986; Tryon et al., 2010; Faith et al., 2011; Tryon et al., 2012; Faith et 
al., 2013; Tryon et al., 2014; Garrett et al., 2015). On Rusinga, the Late Pleistocene Wasiriya 
Beds include a ca. 15 m thick section of coarse sand and gravel channels, pedogenically altered 
mudstone/siltstone/sandstone, and reworked and pedogenically altered tephra indicative of 
alluvial and fluvial deposition (Tryon et al., 2010; 2012; 2014). A minimum age estimate is 
provided by AMS 14C dates of ca. 33 Ka, and a maximum age estimate of ca. 100 Ka is provided 
by U-series dates on tufa at the base of the Wasiriya beds (Tryon et al., 2010; Beverly et al., 
2015b). On Mfangano, the Late Pleistocene Waware Beds are sedimentologically similar to the 
Wasiriya Beds, including channel deposits, reworked tuffaceous beds, and poorly developed 
paleosols, and are correlated with tephra in the Wasiriya Beds at Rusinga and deposits at 
Karungu (Tryon et al., 2012; Blegen et al., 2015). The Wasiriya and Waware Beds contain 
Middle Stone Age artifacts, such as Levallois cores and bifacially worked points (Tryon et al., 
2012). Bovid taxonomic abundance and the carbon isotopic composition of herbivore tooth 
enamel indicate the presence of an open, dry grass-dominated ecosystem (Tryon et al., 2010; 
2012; Garrett et al., 2015). The carbon isotopic composition of paleosol carbonates and bulk 
organic matter from the Wasiriya Beds exposed at the Nyamita locality indicate the local 
prevalence of C3 vegetation and relatively dense woody cover (Garrett et al., 2015), perhaps 
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associated with spring-fed water sources (Beverly et al., 2015b). Most Rusinga and Mfangano 
fossil tooth enamel δ13C values used in the present study are previously published (Garrett et al., 
2015), although a small number of new values are presented. 
Holocene teeth from in southern Kenya are derived from the Elmenteitan herder 
archaeological site Gogo Falls, located on the banks of the Kuja River (Robertshaw, 1991; 
Marshall and K. Stewart, 1994). Wild herbivore teeth were collected from a 1.5 m ash midden, 
which is dated by 14C in charcoal to ca. 1.9-1.6 kya (Chritz et al., 2015). Leaf wax δ13C values 
from lacustrine sediment cores in Lake Victoria indicate that the lake catchment was dominated 
by C4 vegetation throughout most of the Holocene, including when Gogo Falls was deposited, 
although pollen counts suggest that parts of the region may have been more mixed (<50% 
grasses) (Berke et al., 2012; Chritz et al., 2015). All Gogo Falls tooth enamel δ13C values used in 
the present study are previously published (Chritz et al., 2015). 
 
METHODS 
Fossil teeth were housed in the National Museums of Kenya (NMK) Department of 
Paleontology, Nairobi, and are derived from both excavation and field surface collections. Tooth 
enamel was collected using a rotary drill with a diamond bit. Teeth were identified by myself, or 
other members of the Homa Peninsula Paleoanthropology Project and Lake Victoria Prehistory 
Project, using modern and fossil comparative collections in the National Museums of Kenya. All 
teeth were cleaned with ethanol before sampling, and care was taken to avoid contaminating 
enamel powder with dentin, cementum, or matrix. On average, ca. 3.5 mg of enamel powder was 
removed from non-morphologically diagnostic parts of each tooth, either along broken surfaces 
or in a ca. 1 mm wide groove or pit.    
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Fossil tooth enamel powders were chemically treated before isotopic analysis using 
standard procedures to remove secondary exogenous carbonates (0.1 M buffered acetic acid) 
(Koch et al., 1997; Sponheimer and Cerling, 2014). Treatment loss accounted for approximately 
30% of original sample mass. Enamel powder samples were reacted with >100% H3PO4 at 90 °C 
in silver capsules using a Finnigan CarboFlo, which is a hybrid positive pressure/vacuum system 
with a common acid bath. 13C/12C ratios (δ13C) of enamel carbonate were measured by analyzing 
the resulting CO2 with a dual inlet isotope ratio mass spectrometer (Finnigan MAT 252). All 
isotopic ratios are reported using conventional per mil (‰) notation where δ13C=(Rsample/Rstandard-
1) x 1000. Data were corrected with a Carrara carbonate standard as well as internal laboratory 
fossil enamel standards. If individuals were analyzed more than once, an average δ13C value is 
used for that individual.  
Diet classifications are based on xeric- and mesic-mixing lines for modern C3 and C4 
vegetation in eastern and central Africa, corrected for the estimated carbon isotopic composition 
of preindustrial (ca. 1750) atmospheric CO2 and assuming a diet-enamel enrichment of 14.1‰ 
(Cerling et al., 2015). Hypergrazers have a diet indistinguishable from 100% C4, which 
corresponds to a δ13C1750 value of >+2‰. Grazers have a diet of >75% C4, which corresponds to 
a δ13C1750 values greater than -1‰. C3-C4 mixed feeders have diets between 25% and 75% C4, 
corresponding to δ13C values >-8 and <-1‰. C3 browsers have a diet of <25% C4, which 
corresponds to δ13C1750 values <-8‰. Hyperbrowsers have a diet indistinguishable from 100% 
C3, which corresponds to a δ13C1750 values <-12‰. δ13C1750 values <-14‰ reflect browsing in a 
closed-canopy forest ecosystem.  
Proportions of C4 grazers (G), C3-C4 mixed feeders (M), and C3 browsers (B) are 
calculated using the δ13C values of individuals of a single taxon in each time interval for 
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comparison of diets within a taxon across time, or the average δ13C value of each taxon within a 
single time interval for comparisons of communities across time. We do not correct δ13C values 
from fossil teeth for changes in the carbon isotopic composition of atmospheric CO2 because this 
value remained relatively constant throughout the Pliocene and Pleistocene and was similar to 
the preindustrial (ca. 1750) value (Tipple and Meyers, 2010; Cerling et al., 2015). Therefore, all 
δ13C values discussed in this study include uncorrected fossil δ13C values and modern δ13C 
values corrected to 1750. 
 
RESULTS AND DISCUSSION 
Diets of Pliocene-Pleistocene mammalian herbivores by taxon 
 The mammalian lineages considered here include all major APP taxa from southern 
Kenya and northern Tanzania. Sampled time intervals include 4.36 to 3.85 Ma (Lower Laetolil 
Beds), 3.85 to 3.81 Ma (Upper Laetolil Beds Below Tuff 3), 3.81 to 3.63 Ma (Upper Laetolil 
Beds between Tuffs 3 and above 8), 3.04 to 2.581 Ma (Rawi Fm.), 2.66 Ma (Upper Ndolanya 
Beds), 2.72 to 2.33 Ma (Nyayanga), 2.00 Ma (KS-1 to KS-3), 2.00 to 1.95 Ma (KS-4), 1.85 to 
1.79 Ma (Olduvai Middle Bed I), 1.95 to 1.77 Ma (KS-5), 1.785 to 1.74 Ma (Olduvai Lowermost 
Bed II), 1.778 to 1.1072 Ma (KN-2A), 1.2 to 1.1 Ma (Humbu Fm.), 1.072-0.988 Ma (Kasibos 
Fm.), 1.173 to 0.778 Ma (KN-3 to KN-4), <0.781 Ma (KN-5), 0.1 to 0.033 Ma (Wasiriya Beds, 
Waware Beds, Karungu), and <0.002 Ma (Gogo Falls).  
Fossil δ13C values through time are depicted for individual families (Figure 1) and 
lineages (Figure 2). The proportion of C4 grazers, C3-C4 mixed feeders, and C3 browsers 
(G:M:B) for each lineage are depicted in Figure 3. Average δ13C values and G:M:B in southern 
Kenya and northern Tanzania for each time interval is presented in Table 1. Average δ13C values  
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Figure 1. δ13C values of major APP families over time in southern Kenya and northern 
Tanzania. Modern values from eastern and central Africa are shown on the right. Dashed lines 







































Figure 2: δ13C values of APP lineages over time in southern Kenya and northern Tanzania. 
Modern values from eastern and central Africa are shown on the right. Dashed lines connect the 









































































































































Figure 3: Percent G:M:B (yellow, blue, green) of APP lineages over time in southern Kenya and 
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and G:M:B for Afar is presented in Table 2. Average δ13C values and G:M:B for fossils from 
Turkana and modern representatives of APP taxa can be found elsewhere (Cerling et al., 2015). 
Carbon isotope ratios, taxonomic identification, and geological provenance for all specimens 
used in this study are compiled in Appendix I.  
 
Artiodactyla: Bovidae 
 Bovids are the most taxonomically diverse and often among the most abundant group of 
large mammals in Neogene African fossil collections, with most modern tribes represented from 
the Early Pliocene (Gentry, 2010). Over the past 4 million years, fossil bovids from southern 
Kenya and northern Tanzania are primarily C4 grazers. The relative proportions of individuals 
with grazing:mixed:browsing (G:M:B) diets are 62:28:11 (n = 735). The only exceptions include 
Pliocene bovids from the Upper Ndolanya Beds and Early Pleistocene bovids from Olduvai 
Lowermost Bed II, which were predominately mixed feeding. Modern bovids from eastern and 
central Africa are also predominately C4 grazers (G:M:B: =  47:16:36, n = 898), although there 
are more C3 browsers among extant bovids than their fossil relative (Cerling et al., 2015).  
Aepycerotini is only represented in southern Kenya and northern Tanzania by a single 
individual from Rusinga (δ13C value = -1.3‰), which is a C3-C4 mixed feeder like most modern 
impala (Aepyceros melampus) (Cerling et al., 2015). Pliocene Aepycerotini from the Mursi 
Formation are browsers (Levin, 2015), while Plio-Pleistocene from Turkana, the lower Omo 
Valley, and Afar are primarily C3-C4 mixed feeders with some C4 grazers (Levin et al., 2008; T. 
D. White et al., 2009; Bedaso et al., 2013; Levin et al., 2015; Negash et al., 2015). 
 Alcelaphini from southern Kenya and northern Tanzania are dominated by C3-C4 mixed 
feeders (M = 50 to 70) during the Pliocene (>3 Ma), with some C4 grazers (G = 25 to 50) and 
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few C3 browsers (B = 0 to 8). Average δ13C values for Alcelaphini since the late Pliocene (<3 
Ma) range from 0.2‰ to 3.5‰, and are predominately C4 grazers (G = 78 to 100) and few mixed 
feeders (M = 0 to 22) and browsers (B = 0). There are six time intervals (Nyayanga, KS-1 to KS-
3, Olduvai Lowermost Bed II, KN-2A, Kasibos, KN-5) where the average δ13C value is greater 
than 2‰, which indicates a hypergrazing diet indistinguishable from 100% C4. In contrast, 
average δ13C values for Pliocene-Pleistocene fossil alcelaphins from Turkana, lower Omo 
Valley, and Afar range from -2.5 to 2.0‰, indicating C4 grazing and some C3-C4 mixed feeding 
(T. D. White et al., 2009; Bedaso et al., 2010; 2013; Cerling et al., 2015; Levin et al., 2015; 
Negash et al., 2015). Across the regions included in this study, of all fossil hypergrazing 
alcelaphin individuals (δ13C values >2.0‰, n = 126, max = 4.7‰), only 5 are from outside 
southern Kenya and northern Tanzania. These positive δ13C values are similar to most modern 
alcelaphins from eastern and central Africa, which are hypergrazers (Alcelaphus buselaphus, 
Connochaetes taurinus, and Damaldiscus lunatus have average δ13C1750 values ≥ 3‰) (Cerling et 
al., 2015). 
 Antilopini and Aepycerotini teeth are difficult to distinguish from each other, and it may 
be the misidentification of the latter explains the paucity of aepycerotin teeth available for 
isotopic sampling. Average δ13C values for Antilopini from southern Kenya and northern 
Tanzania during the Pliocene (Upper Laetolil Beds and Upper Ndolanya Beds) range from -
7.8‰ to -7.2‰ and are dominated by C3-C4 mixed feeders (M = 55 to 100), with some C3 
browsers (B = 0 to 45) and no grazers (G = 0). Average δ13C values for Antilopini since the Late 
Pliocene/Early Pleistocene range from -3.9‰ to 1.9‰ and are predominately C4 grazers in some 
time intervals and C3-C4 mixed feeders in others. Fossil antilopins from the Turkana Basin are 
also dominated by C3-C4 mixed feeders in the Pliocene/Early Pleistocene (ca. 4.3-2.35 Ma) with 
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more equal representation of C4 grazers and C3-C4 mixed feeders in the Pleistocene (ca. 2.35 to 
1.0 Ma) (Cerling et al., 2015). Middle Pleistocene antilopins in Afar are mixed feeders (Bedaso 
et al., 2010). Therefore, fossil antilopins across eastern Africa differ dramatically from their 
modern relatives, which are dominated by C3 browsers (Cerling et al., 2015).  
 Bovini from southern Kenya and northern Tanzania are dominated by C4 grazers (G = 82 
to 100) since the Late Pliocene/Early Pleistocene, with few mixed feeders (M = 13 to 18) and no 
browsers (B = 0). Average δ13C values range from 0.6 to 2.9‰, indicating that bovins during 
some time intervals were C4 hypergrazers (Nyayanga, KN-2A to KN-5). Pliocene bovins from 
Turkana and Afar include C3-C4 mixed feeders and C4 grazers, but are predominately C4 grazers 
in the Pleistocene (Levin et al., 2008; T. D. White et al., 2009; Bedaso et al., 2010; 2013; Levin 
et al., 2015). Modern bovini (Syncerus caffer) inhabiting non-forested environments are 
primarily C4 grazers (Cerling et al., 2015).  
 Hippotragini from southern Kenya and northern Tanzania are predominately C3-C4 mixed 
feeders in the Pliocene (M = 75 to 100), with a few C4 grazers (G = 0 to 6) and C3 browsers (B = 
0 to 19). Average δ13C values range from -5.7 to -4.7‰ among these individuals. Pleistocene 
hippotragins are C4 grazers (G = 100), with average δ13C values of -0.3 to 3.5‰, indicating that 
hippotragins during some time intervals were hypergrazers (KS-1 to KS-3, Kasibos, KN-3 to 
KN-4, Karungu/Rusinga/Mfangano). Fossil hippotragins from the Turkana Basin were also 
predominately C3-C4 mixed feeders in the Late Pliocene/Early Pleistocene (ca. 4.3-2.35 Ma) and 
C4 grazers in the Pleistocene (ca. 2.35 to 1.0 Ma) (Cerling et al., 2015). Pliocene hippotragins are 
primarily C4 grazers in the Sagantole Formation (Lower Aramis Mb) and mixed feeders in the 
Hadar Formation (Sidi Hakoma Mb), and Middle Pleistocene specimens are C4 grazers (T. D. 
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White et al., 2009; Bedaso et al., 2010; 2013).  Modern hippotragins are C4 grazers (Cerling et 
al., 2015).  
 Neotragini from southern Kenya and northern Tanzania are predominately C3 browsers 
and C3-C4 mixed feeders (B = 50; M = 33 to 50) in the Pliocene, with few grazers (G = 0 to 17). 
Average δ13C values of Pliocene neotragins range from -8.3 to -6.9‰. Late Pleistocene and 
Holocene neotragins are C4 grazers (G = 100), with average δ13C values of 0.3 to 1.6‰. Pliocene 
neotragins from Turkana and Afar are C3 browsers (T. D. White et al., 2009; Cerling et al., 
2015). Modern neotragins are predominately C3 browsers, with the exception of the mixed 
feeding and grazing oribi (Cerling et al., 2015).  
 Reduncini from southern Kenya and northern Tanzania are predominately C4 grazers (G 
= 67 to 100) with some C3-C4 mixed feeders (M = 0 to 33) and no C3 browsers (B = 0) since the 
Late Pliocene/Early Pleistocene (<3 Ma). The only exception is a small sample of C3-C4 mixed 
feeding (M = 100, n = 3) reduncins from Olduvai Middle Bed I. Average δ13C values range from 
-3.6 to +2.4‰, indicating that some fossil reduncins were hypergrazers (Nyayanga). Fossil 
reduncins from the Turkana Basin and Afar are primarily C4 grazers (Levin et al., 2008; Bedaso 
et al., 2010; 2013; Cerling et al., 2015), although some Plio-Pleistocene (ca. 3.4-2.4 Ma) 
reduncins from the lower Omo Valley are C3-C4 mixed feeders (Negash et al., 2015). Modern 
reduncins are primarily C4 grazers (Cerling et al., 2015).  
 Tragelaphini from southern Kenya and northern Tanzania have highly variable diets 
during the Pliocene and Early Pleistocene (ca. 4 to 1.7 Ma), including C4 grazers (G = 0 to 50), 
C3-C4 mixed feeders (M = 17 to 50), and C3 browsers (B = 0 to 83). A single tragelaphin is C4 
grazing between ca. 2-1 Ma (KN-2A), while late Early to Middle Pleistocene (Kasibos, KN-3 to 
KN-5) are exclusively browsing (B = 100).  Late Pleistocene and Holocene tragelaphins are C3-
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C4 mixed feeders (M = 50 to 67) and C3 browsers (B = 33 to 50). Average δ13C values of fossil 
tragelaphins are < -8‰ in multiple time intervals (Upper Laetolil Beds, Kasibos, KN-3 to KN-5). 
Fossil tragelaphins from Turkana and the lower Omo Valley are primarily C3-C4 mixed feeders 
(Cerling et al., 2015; Negash et al., 2015), but Pliocene tragelaphins from the Mursi Formation 
and Member B of the Shungura Formation include C3 browsers (Bibi et al., 2013; Drapeau et al., 
2014). Tragelaphins from Afar are C3-C4 mixed-feeders and C3 browsers (Levin et al., 2008; T. 
D. White et al., 2009; Bedaso et al., 2010; 2013; Levin et al., 2015). Modern tragelaphins are 
primarily C3 browsers or hyperbrowsers (Cerling et al., 2015).  
 
Artiodactyla: Giraffidae 
 Fossil giraffids from southern Kenya and northern Tanzania are primarily C3 browsers 
(G:M:B = 1:7:92, n = 89). During the Pliocene and Early Pleistocene (ca. 3.9 to 2.3 Ma), fossil 
giraffids are exclusively C3 browsers. Early Pleistocene giraffids from Olduvai Lowermost Bed 
II include more C3-C4 mixed feeders (M = 33) and C4 grazers (G = 17), while Late Early to 
Middle Pleistocene giraffids (KN-3 to KN-5) are exclusively C3-C4 mixed feeders (M = 100). 
Modern giraffids are almost exclusively C3 browsers (Cerling et al., 2015). 
 Giraffa fossils are not abundant in these collections, and are only present in the Upper 
Laetolil Beds and Olduvai Lowermost Bed II. All representatives are C3 browsers, much like 
Pliocene-Pleistocene fossil Giraffe from Turkana and Afar (T. D. White et al., 2009; Bedaso et 
al., 2013; Cerling et al., 2015; Levin et al., 2015). We informally group a single browsing 
giraffid individual from Nyayanga with Giraffa, as “Giraffa/Giraffid B”. Excluding the Giraffa 
lineage, stable isotope and microwear studies have shown that some giraffids were mixed feeders 
or grazers (particularly Sivatherium) (Solounias et al., 2000; J. M. Harris et al., 2010; Cerling et 
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al., 2015); therefore, we informally group non-browsing giraffids identified only to the family 
level with identified specimens of Sivatherium as “Sivatherium/Giraffid MG”. 
“Sivatherium/Giraffid MG” are C3 browsers (B = 100; average δ13C values range from -10.4 to -
9.6‰) in the Pliocene and primarily C3-C4 mixed feeders (M = 67 to 100; average δ13C values 
range from -5.9 to -1.5‰) in the Pleistocene. Pliocene Sivatherium in Turkana and Afar were 
also C3 browsers, except a single C4 grazing individual from the Sagantole Formation (Levin et 
al., 2008; T. D. White et al., 2009; Bedaso et al., 2013; Cerling et al., 2015; Levin et al., 2015). 




 Plio-Pleistocene hippopotamids in Africa have historically been classified into multiple 
genera, including Hippopotamus and Hexaprotodon, although because Hexaprotodon is likely 
paraphyletic we do not make distinctions below the family level (Boisserie, 2005; Weston and 
Boisserie, 2010). Fossil hippopotamids are C4 grazers and C3-C4 mixed feeders (G:M:B = 
55:41:3, n = 121). Among individual time intervals, there are always more C4 grazers (G = 50 to 
100) than C3-C4 mixed feeders (M = 0 to 45), except a small number of individuals (n = 3) from 
Peninj (ca. 1.1 to 1.2 Ma) that are primarily C3-C4 mixed feeders (M = 67). Browsing fossil 
hippopotamids are rare in all time intervals (B ≤ 10). Pliocene hippopotamids from Omo-
Turkana and Afar are primarily C3-C4 mixed feeders, although during the Pleistocene in Turkana 
the proportions of C4 grazers and C3-C4 mixed feeders are similar (Levin et al., 2008; T. D. 
White et al., 2009; Bedaso et al., 2013; Drapeau et al., 2014; Cerling et al., 2015; Levin et al., 
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2015). Modern Hippopotamus are primarily C3-C4 mixed feeders, some individuals are C4 
grazers and very few are browsers (Boisserie et al., 2005; Cerling et al., 2008; 2015).  
 
Artiodactyla: Suidae 
Pliocene-Pleistocene suids in Africa are represented by three main lineages, including 
Nyanzachoerus-Notochoerus (extinct), Potamochoerus-Kolpochoerus-Hylochoerus 
(Kolpochoerus extinct), and Metridiochoerus-Phacochoerus (Metridiochoerus extinct) (Bishop, 
2010).  Fossil suids from southern Kenya and northern Tanzania are a mix of C4 grazers and C3-
C4 mixed feeders, with few browsers (G:M:B = 57:41:2, n = 224). After 1 Ma, most suids are C4 
grazers (G = 75 to 100) at the expense of C3-C4 mixed feeders (M = 0 to 25). 
Notochoerus from southern Kenya and northern Tanzania is only represented in Pliocene 
collections from Laetoli, and are primarily C3-C4 mixed feeders (M = 59 to 67) with some C4 
grazers (G = 33 to 37) and few browsers (B = 0 to 4). A single δ13C value from the Lower 
Laetolil Beds (ca. 4 Ma) is -0.4‰ and is a C4 grazer. Average δ13C values of Upper Laetolil Beds 
range from -2.0 to -1.6‰. Pliocene Nyanzachoerus and Notochoerus from Omo-Turkana are also 
predominately C3-C4 mixed feeders, although some individuals from the Mursi Formation are C3 
browsers, and by 2.0 Ma the diet switches to C4 grazing (Drapeau et al., 2014; Cerling et al., 
2015). Pliocene specimens of Nyanzachoerus and Notochoerus from Afar include C3-C4 mixed 
feeders and C4 grazers (Bedaso et al., 2013; Levin et al., 2015).  
Potamochoerus/Kolpochoerus/Hylochoerus in southern Kenya and northern Tanzania 
were primarily C3-C4 mixed feeders (G = 0 to 50; M = 50 to 100; B = 0) during the 
Pliocene/Early Pleistocene (ca. 3.8 to 1.7 Ma). After ca. 1.7 Ma, specimens are exclusively C4 
grazers (G = 100), with the exception of a small number of specimens from Peninj (ca. 1.2 to 1.1 
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Ma) that are primarily C3-C4 mixed feeders (G:M:B = 33:67:0). A single Holocene specimen is a 
C3-C4 mixed feeder. Average δ13C values range from -3.9 to 0.9‰. Pliocene-Pleistocene 
Kolpochoerus from Turkana are primarily grazers (Table NK) (Cerling et al., 2015), while 
Pliocene Kolpochoerus from Afar are largely mixed feeders (Levin et al., 2008; T. D. White et 
al., 2009; Bedaso et al., 2013), demonstrating that diet trends over time may vary by region and 
that linking diet and morphological changes (i.e. dental or locomotor metrics) is not 
straightfoward (J. M. Harris and Cerling, 2002; Bishop et al., 2006a). Modern Potamochoerus 
and Hylochoerus are primarily C3 browsers, and therefore have very different diets than their 
fossil relatives (J. M. Harris and Cerling, 2002; Cerling et al., 2015).  
Metridiochoerus/Phacochoerus in southern Kenya and northern Tanzania are 
predominately C4 grazers (G = 90 to 100; M = 0 to 10; B = 0) throughout the Pleistocene, with 
the exception of a small number of samples from Olduvai Lowermost Bed II (G:M:B = 25:75:0). 
Pliocene-Pleistocene Metridiochoerus from Turkana (Cerling et al., 2015) and Middle 
Pleistocene specimens from Afar are primarily grazers (Bedaso et al., 2010), as is extant 
Phacochoerus (J. M. Harris and Cerling, 2002; Cerling et al., 2015). 
 
Perissodactyla: Equidae 
 Pliocene-Pleistocene equids in Africa are represented by two main lineages, the hippionin 
lineage represented by Eurygnathohippus (in sub-Saharan Africa) that goes extinct by the Middle 
Pleistocene, and the equin lineage represented by Equus that first appears in the Early 
Pleistocene (Bernor et al., 2010). Fossil equids from southern Kenya and northern Tanzania are 
primarily C4 grazers (G:M:B = 74:26:0, n = 218).  
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Pliocene-Pleistocene (ca. 4.4 to 1.7 Ma) equids (Eurygnathohippus) from southern Kenya 
and northern Tanzania are primarily C4 grazers (G = 43 to 100; M = 0 to 57; B = 0), although in 
three time intervals (Lower Laetolil Beds, Upper Laetolil Beds, Olduvai Lowermost Bed II) 
there are roughly equal representation of C4 grazers and C3-C4 mixed feeders. Average δ13C 
values range from -1.0 to 1.4‰. Equus is present from ca. 2 Ma to the Holocene, and are 
predominately C4 grazers (G = 89 to 100; M = 0 to 11; B = 0), with average δ13C values ranging 
from -0.3 to 1.5‰. Eurygnathohippus and Equus from Turkana are primarily C4 grazers (Cerling 
et al., 2015), although some Pliocene Eurygnathohippus from Afar are mixed feeders (Levin et 
al., 2008). Modern Equus from eastern and central Africa is a C4 grazer (Cerling et al., 2015).  
 
Perissodactyla: Rhinocerotidae 
 Fossil relatives of the extant genera Ceratotherium and Diceros are present in eastern 
African throughout the Pliocene and Pleistocene (Geraads, 2010). Fossil rhinocerotids from 
southern Kenya and northern Tanzania are primarily C3-C4 mixed feeders (G:M:B = 33:56:10, n 
= 87).  
Pliocene-Pleistocene Ceratotherium from Turkana were exclusively C4 grazers (Cerling 
et al., 2015); therefore, we informally group grazing rhinocerotids identified only to the family 
level with identified specimens of Ceratotherium as “Ceratotherium/Rhino G”. We informally 
group other fossil rhinocerotids as Diceros/Rhino MB. Specimens of Ceratotherium/Rhino MG 
are primarily C3-C4 mixed-feeders during the Pliocene (G = 0; M = 71 to 100; B = 0 to 29), with 
average δ13C values ranging from -6.7 to -4.0‰. Ceratotherium/Rhino G are C4 grazers (G = 
100) during the Pleistocene, with average δ13C values ranging from 0.0 to 2.5‰. Diceros/Rhino 
MB is poorly represented in this region, with a small sample of mixed-feeding individuals (M = 
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100, n = 5) from the Upper Laetolil Beds and Nyayanga, with average δ13C values ranging from -
5.6 to -2.9‰. Therefore, the diets of rhinocerotids from southern Kenya and northern Tanzania 
as well as Afar contrast with Omo-Turkana, where there are no individuals with δ13C values 
between -7 and -1‰. (Levin et al., 2008; T. D. White et al., 2009; Bedaso et al., 2013; Drapeau 
et al., 2014; Cerling et al., 2015). 
 
Proboscidea: Deinotheriidae 
 Deinotheres are a group of extinct proboscideans present in Africa from the Miocene to 
the Pleistocene, with last known occurrences in Omo Shungura Member K  (Sanders, 2010). 
From individuals in southern Kenya and northern Tanzania, sverage δ13C values range from -
13.5 to -9.5‰ and all are C3 browsers (B = 100) except Kanjera South (G:M:B = 0:33:67, n = 3). 
Deinotherium from Turkana and Afar are also C3 browsers, and in general have the lower δ13C 
values (Cerling et al., 1999; Levin et al., 2008; T. D. White et al., 2009; Drapeau et al., 2014; 
Cerling et al., 2015).  
 
Proboscidea: Elephantidae 
 Two common elephantid lineages are discussed in this study, Loxodonta and Elephas. 
Loxodonta has been present in Africa since the late Miocene, while Elephas evolved in Africa by 
the early Pliocene but is extant only in Asia (Sanders, 2010). Fossil elephantids from southern 
Kenya and northern Tanzania primarily C3-C4 mixed feeders (G:M:B = 28:70:1, n = 67). 
Elephas in southern Kenya and northern Tanzania is exclusively a C4 grazer (G = 100), 
but in this dataset is represented only by a small number of individuals (n = 4) between ca. 2.7 
and 1.7 Ma (Nyayanga and Olduvai Lowermost Bed II). Pleistocene Elephas from Turkana and 
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Afar are also C4 grazers (Cerling et al., 1999; Bedaso et al., 2010; Cerling et al., 2015). 
Loxodonta are primarily C3-C4 mixed feeders (G = 0 to 14; M = 86 to 100; B = 0), with average 
δ13C values ranging from -3.5 to -1.7‰, during the Pliocene to Early Pleistocene (ca. 4.4 to 2.3 
Ma). A single individual from the Late Pleistocene (Karungu) is a C3 browser (δ13C = -9.1‰). 
Pliocene-Pleistocene Loxodonta from Turkana and Afar are C3-C4 mixed feeders and C4 grazers 
(Cerling et al., 2015; Levin et al., 2015). Extant African Loxodonta and Asian Elephas are 
primarily C3 browsers, including both savanna and forest elephants (Sukumar et al., 1987; 
Sukumar and Ramesh, 1992; Cerling et al., 1999; 2015). Therefore, the shift to C3 browsing 
among African elephants occurred at least by ca. 94 to 45 Ka.   
 
Proboscidea: Gomphotheriidae 
 Gomphotheres are a diverse group of extinct proboscideans that were present in Africa 
from the late Oligocene to the late Pliocene. The genus Anancus is the only gomphothere 
represented in southern Kenya and northern Tanzania, from the Lower Laetolil Beds. Of two 
individuals, one is a browser (δ13C = -11.5‰) and the other is a C3-C4 mixed feeder (δ13C = -
2.5‰) (Kingston, 2011).  This contrasts with Pliocene Anancus from Omo-Turkana and Afar 
where average δ13C values are typically > -2‰ (Cerling et al., 1999; Levin et al., 2008; T. D. 
White et al., 2009; Drapeau et al., 2014; Levin et al., 2015). 
 
Summary of herbivore dietary change  
 The diets of many African herbivore lineages have remained relatively consistent over 
the past ca. 4 million years, including bovids (Bovini and Reduncini), hippopotamids, equids, 
and suids (Metridiochoerus/Phacochoerus) as well as Giraffa. However, the diets of many 
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lineages have changed over this time interval, or differ from their modern relatives. For example, 
among both megaherbivores (Diceros, hippopotamids, Loxodonta) and mesoherbivores 
(alcelaphini, antilopini, hippotragini, tragelaphini, Potamochoerus/Kolpochoerus/Hylochoerus), 
fossil representatives include more C4 vegetation in their diets than their modern relatives.  
 Pliocene alcelaphins were predominately C3-C4 mixed feeders during the Pliocene before 
switching to C4 grazing in the Pleistocene. The δ13C values of many Pleistocene Alcelaphins 
indicate hypergrazing, similar to their extant relatives. This indicates that a change in the isotopic 
enrichment between diet and enamel in fossil versus modern alcelaphins is unlikely, as suggested 
to explain the non-hypergrazing fossil alcelaphins from Turkana (Cerling et al., 2015). The diets 
of fossil alcelaphins in Turkana may have included relatively more non-C4 vegetation. 
Alternatively, the carbon isotopic composition of available grasses (13C-enriched mesic-adapted 
versus 13C-depleted arid-adapted) could explain this difference, either due to differences in 
feeding selectivity or overall abundance. Regardless, the diets of alcelaphins are consistently 
among the most C4-dominated. 
Antilopins were primarily C3-C4 mixed feeders during the Pliocene but included more C4 
in their diet during the Pleistocene, before returning to C3-C4 mixed feeding and C3 browsing 
among extant antilopins. Pliocene Hippotragini were primarily C3-C4 mixed-feeders, while 
hippotragins since the Early Pleistocene have been predominately C4 grazers. Pliocene 
tragelaphini were primarily C3-C4 mixed feeders and C3 browsers, but incorporated more C4 in 
the Early Pleistocene. However, over the last 1 million years most tragelaphins returned to C3-C4 
mixed feeders or C3 browsers, including their modern relatives. 
Modern representatives of Diceros, Loxodonta, and Potamochoerus/Hylochoerus are 
primarily C3 browsers, unlike fossil relatives of these lineages that consumed more C4 
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vegetation. This distinct dietary shift is evidence in the fossil record of both southern Kenya and 
northern Tanzania as well as Turkana. Multiple now-extinct Pliocene-Pleistocene large 
mammalian herbivores, such as Elephas, Eurygnathohippus, Notochoerus, and Sivatherium, 
were C4 grazers or C3-C4 mixed feeders. The only C3 browsers to go extinct is Deinotherium.  
The timing of diet changes varies across lineages, such that alceleaphin, hippotragin, and 
grazing rhinocerotid diets have remained relatively consistent since the early Pleistocene, 
tragelaphin diets have remained relatively consistent over the past ca. 1 million years, and 
antilopin and Loxodonta diets have changed as recently as the Late Pleistocene. This is 
significant because the abundance of some of these taxa are commonly used as indicators of 
open (Alcelaphini, Antilopini, and Hippotragini) or closed (Tragelaphini) environments (Vrba, 
1980; Greenacre and Vrba, 1984; Shipman and J. M. Harris, 1988; Bobe et al., 2007). Therefore, 
as recently demonstrated (Cerling et al., 2015), it is important that interpretations of taxonomic 
abundances in fossil collections be informed by the isotopic diet reconstructions of each lineage 
within each time interval under study. For example, in southern Kenya and northern Tanzania as 
well as northern Kenya, Alcelaphini is consistently a C4 grazer throughout the Plio-Pleistocene 
(Figure 2 and Figure 3) (Cerling et al., 2015). Antilopini and Hippotragini, on the other hand, 
variably consume a C3-C4 mixed diet; therefore, the proportion of Alcelaphini alone may 
represent a more useful taxonomic indicator of open, grass-dominated environments. 
 
Ecosystem change over time 
There is a significant long-term increase in the proportion of C4 grazers (linear least-
squares regression, r2 =0.6184, p < 0.0000001) and a long-term decrease in the proportion of C3-
C4 mixed feeders (r2 =0.5092, p < 0.00001) among fossil assemblages in eastern Africa over the 
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Pliocene and Pleistocene (Figure 4A). These trends are evident in southern Kenya and northern 
Tanzania (p <0.01) and Turkana (p < 0.01), but not Afar due to the lack of available data 
between ca. 3-1 Ma. There is a long-term decrease in the proportion of C3 browsers (r2 =0.7386, 
p < 0.01) in Turkana, but in general C3 browsers represent a persistently minor component to 
Pliocene-Pleistocene ecosystems. Over only the last 2 million years, there are no long-term 
changes in the proportion of any dietary guild (p > 0.05) (Figure 4B).  
Pliocene ecosystems in southern Kenya and Northern Tanzania as well as northern 
Ethiopia are primarily dominated by C3-C4 mixed feeders, which have no known modern analog. 
Pliocene ecosystems in Turkana are mixed, with coequal proportions of each dietary guild 
similar to modern savanna/mosaic habitats (Figure 5 and Figure 6). Therefore, mixed feeding is 
important for understanding the evolution of large mammalian herbivore communities prior to 
the Pleistocene (Cantalapiedra et al., 2014). Pleistocene ecosystems since ca. 2.3 Ma are 
uniformly dominated by C4 grazers across eastern Africa, which resemble modern mosaic and 
open grassland environments. Pure grasslands can be identified by >80% C4 grazing fauna 
(Cerling et al., 2015), which characterized some Early Pleistocene ecosystems in southern Kenya 
from ca. 2 to 1 Ma (KS-1 to KS-3, KN-2A, Kasibos) and Turkana from ca. 1.3 to 1 Ma. There 
are no C3 browser-dominated ecosystems throughout the Pliocene and Pleistocene.  
The long-term increase in the proportional representation of C4 grazers in southern Kenya 
and northern Tanzania, Turkana, and across eastern Africa, is consistent with long-term increases 
in the abundance of C4 vegetation across the region, as indicated by the carbon isotopic 
composition of paleosol carbonates and leaf wax biomarkers as well as the abundance of 
alcelaphin and antilopin (AA) bovids in the same study areas (Cerling, 1992; Levin et al., 2011; 
Cerling et al., 2011b; Feakins et al., 2013; Bibi and Kiessling, 2015). Climate is typically 
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identified as the most likely primary driver of ecosystem change (deMenocal, 1995; 2004; Trauth 
et al., 2005; Kingston, 2007a; Magill et al., 2013; Maslin et al., 2014). However, terrestrial 
paleoaridity estimates from oxygen isotopes in herbivore tooth enamel demonstrate that the long-
term expansion in C4 vegetation is not associated with an increase in aridity (Chapter 4). 
Additionally, the appearance of C4 grazer-dominated ecosystems may have preceded the 
culmination of the expansion of C4 vegetation that continued over the past 2 million years 
(Cerling and Hay, 1986; Cerling, 1992; Feakins et al., 2013). Therefore, herbivory and other 
ecological interactions may be critical for understanding the long-term expansion of C4 grasses 
and C4 grazer-dominated herbivore communities in eastern Africa. 
The significance of herbivory and other ecological interactions as a driver of ecosystem 
change is supported by numerous modern ecological studies, which demonstrate that the 
abundance and distribution of C4 grass and woody cover in tropical Africa is associated with a 
wide variety of biotic and abiotic factors including herbivory as well as rainfall seasonal 
distribution and intensity, fire, soil nutrients, and atmospheric pCO2 (Sankaran et al., 2005; Good 
and Caylor, 2011; Staver et al., 2011; Bond and Midgley, 2012; Murphy and Bowman, 2012; 
Guan et al., 2014). The structure and function of tropical biomes is strongly determined by 
herbivory, particularly by megaherbivores (>1,000 kg), which directly modify vegetation and 
influence the dietary guild structure of mesoherbivores (4-450 kg) (Laws, 1970; D. Cumming, 
1982; McNaughton et al., 1988; R. N. Owen-Smith, 1992; Augustine and McNaughton, 1998; 
Fritz et al., 2002; Asner et al., 2009; Lehmann et al., 2011; Asner and Levick, 2012). Grazers 
facilitate grass growth through the inhibition of woody plant recruitment, increased nutrient 
cycling, and trampling (McNaughton et al., 1988; 1997; Arsenault and N. Owen-Smith, 2002; D. 
H. M. Cumming and G. S. Cumming, 2003). Therefore, the co-existence of such a diverse 
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community of C4-grazing meso- and megaherbivores during the Pleistocene, which do not 
resemble most modern ecosystems, likely exerted a strong influence on ecosystem structure.       
The coexistence of large mammalian herbivores in modern savanna biomes is thought to 
reflect resource partitioning driven by feeding selectivity, food nutritional and 
physicomechanical properties, and digestive strategy (Clauss et al., 2003; Codron et al., 2007a; 
2007b; Clauss et al., 2008; Duncan and Poppi, 2008; N. Owen-Smith, 2008). Some of these 
parameters may be a function of body size (Illius and Gordon, 1987; 1992; Gordon and Illius, 
1994; Kleynhans et al., 2011), although evidence of long-term shifts in body size among eastern 
African bovids over the past 4 million years is equivocal (Bibi and Kiessling, 2015). Additional 
paleodiet proxies (dental wear, heavy isotopes) are needed to understand the diversification and 
coevolution of C4 grazing herbivores in Pleistocene ecosystems (Codron et al., 2008; Louys and 
Faith, 2015), particularly the nature of grazer niche partitioning associated with feeding 
preferences for grass moisture, height, seasonal availability as well as migratory behavior (Bell, 
1971; McNaughton, 1985; Murray and Illius, 2000; Farnsworth et al., 2002; J. Cromsigt and 
Olff, 2006; Arsenault and N. Owen-Smith, 2008). 
 C3 browsers are common in modern African herbivore communities, even in 
savanna/mosaic ecosystems (Cerling et al., 2015). However, our findings suggest that browsers 
remained a minor component of herbivore communities during periods of fossil preservation 
over the past ca. 4 million years, including the Holocene fauna at Gogo Falls. This is particularly 
notable since the Lake Victoria Basin today is dominated by C3 bushland, thicket, and forest 
(Still and Powell, 2010; van Breugel P et al., 2015), and historically included numerous browsing 
herbivores (bushbuck, bushpig, duiker, elephant, giraffe, black rhinoceros) (Allsopp and Baldry, 
1972). Therefore, it is possible that some modern ecosystems may have developed very recently 
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(<2 kya), and may not provide useful analogs for reconstructing ancient environments as recently 
as the last few millennia. Although there are no long-term trends in the proportion of dietary 
guilds among APP taxa through the past 2 million years, additional fossils are needed to identify 
the magnitude and timing of herbivore diet and ecological change associated with late 
Quaternary faunal turnover that preferentially affected grazers (Faith et al., 2012; Faith, 2014; 
Faith et al., 2015; Rowan et al., 2015).  
 
Hominin paleoecology  
Long-term trends 
These findings reveal that human evolution in eastern Africa is associated with the 
increasing prevalence of C4 grazers since the Pliocene (Figure 4A and Figure 5). Pliocene 
hominins, including Ardipithecus (T. D. White et al., 1994; Semaw et al., 2005), 
Australopithecus (M. G. Leakey et al., 1995; 1998; Alemseged et al., 2006; Harrison, 2010; 
Haile-Selassie et al., 2015), and Kenyanthropus (M. G. Leakey et al., 2001), are associated with 
mixed or mixed feeder-dominated ecosystems (Figure 4A and Figure 6). The Pliocene mixed 
herbivore communities, with similar proportions of C4 grazers, C3-C4 mixed feeders, and C3 
browsers likely resemble modern savanna/mosaic habitats (Figure 6). However, C3-C4 mixed 
feeder-dominated ecosystems associated with other Pliocene hominins have no modern analog, 
and it is difficult to characterize these communities due to uncertain relationships between the 
abundance and distribution of C3 and C4 vegetation, vegetation structure (woody cover), and 
herbivore diet. Therefore, despite the expansion in C4 consumption among many mammalian 
herbivores in eastern Africa during the Late Miocene and Early Pleistocene (Uno et al., 2011), 
these ecosystems were not dominated by C4 feeders.  
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Figure 4: (A) Long-term trends in the proportion of C4 grazers, C3-C4 mixed feeders, and C3 
browsers (G:M:B) among Artiodactyla-Perrisodactyla-Proboscidea (APP) taxa. (B) G:M:B over 
the past 2 million years.
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Figure 5: Proportions of C4 grazers, C3-C4 mixed feeders, and C3 browsers among Artiodactyla-


































Figure 6:  Ternary diagram depicting proportions of C4 grazers, C3-C4 mixed feeders, and C3 
browsers among Artiodactyla-Perrisodactyla-Proboscidea (APP) taxa. Each point represents 
G:M:B proportions of an individual fossil assemblage, assigning each taxon to a diet category 
based on mean δ13C value for specimens of that taxon. Yellow, blue, and green regions represent 
(>50%) C4 grazer-dominated, C3-C4 mixed feeders-dominated, and C3 browser-dominated 
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Pleistocene hominins, including representatives of Homo and Paranthropus (Walker et 
al., 1986; R. E. Leakey and Walker, 1988; Blumenschine et al., 2003; Harrison, 2010; M. G. 
Leakey et al., 2012), are associated with C4 grazer-dominated ecosystems (50-100% grazers) 
over the last 2 million years (Figure 4B, Figure 5, Figure 6). Modern C4 grazer-dominated 
ecosystems include both relatively open savanna/mosaics (wooded grasslands to grassy 
woodland) as well as open grasslands, and these biomes likely represent the dominant long-term 
ecological setting over the past 2 million years. These results contrast with previous faunal 
studies, which detect similar long-term increases in grazing or grassland-indicator taxa but 
consistently under-estimate the extent to which these biomes were dominated by grass-indicator 
taxa (<50% grazers) (Reed, 1997; Bobe and Behrensmeyer, 2004; Bobe et al., 2007; Bobe and 
M. G. Leakey, 2009; Bobe, 2011). The underestimation of grass-indicator taxa likely stems from 
uniformitarian assumptions on herbivore diet and/or habitat, or the use of morphological 
ecovariables (i.e. locomotor adaptations) that reflect habitat among extant taxa but may not 
change with diet or environments in a synchronous manner in the fossil record.       
Increasingly open environments has been inferred as indicating increasing environmental 
or ecological heterogeneity, and the concept of heterogeneity has been suggested to provide a 
mechanism to link paleoenvironmental changes to selection pressures experience by hominins 
(Bobe and Behrensmeyer, 2004; Wynn, 2004; Kingston, 2007a). However, the transition from 
mixed or mixed feeding-dominated ecosystems to C4 grazer-dominated ecosystems may in fact 
indicate a loss in ecological diversity, from mixed ecosystems that resemble modern 
savanna/mosaic biomes (including grassland, woodland, riparian forest) to grassland and grass-
dominated savanna/mosaic (i.e. wooded grasslands) biomes. Therefore, at least with respect to 
herbivore ecosystem structure, the degree to which change in heterogeneity accompanied the 
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expansion of grass-dominated environments is unclear and these finds are inconsistent with the 
notion that heterogeneity increased with the expansion of C4 grass-dominated environments. This 
interpretation is consistent with the idea that woody cover can be considered a form of arboreal 
heterogeneity (Louys et al., 2014), such that a long-term decrease in woody cover would also 
correspond to decreasing heterogeneity.  
 
Ecological context for hominin diet change 
Our results demonstrate that the well-established long-term increase in C4-resource 
exploitation among hominins (Sponheimer et al., 2013; Levin et al., 2015) is associated with a 
long-term trend toward ecosystems that are increasingly dominated by C4 grazers, and can 
therefore be linked to broader ecological dynamics. By the Early Pleistocene, C4 grazer-
dominated ecosystems included hominins (Homo, Paranthropus) and non-human primates 
(Theropithecus) consuming a significant amount of C4-derived resources, suggesting that 
competitive interactions and resource partitioning may have played an important role in the 
evolutionary and ecological dynamics of these communities (Cerling et al., 2011a; 2013a; 
2013b).  
In eastern Africa, Homo consumed a mixed, generalist diet consisting of C3- and C4-
derived resources, which contrasts with C4-resource specialists including Paranthropus, 
Theropithecus, and most herbivores (van der Merwe et al., 2008; Cerling et al., 2011a; 2013a; 
2013b; 2015). Unfortunately, carbon isotopes alone cannot distinguish between plant- and 
animal-based C4 resources (Cerling et al., 2013b). Hominin dental microwear and topography 
(Ungar and Sponheimer, 2011; Grine et al., 2012; Ungar, 2012), lithic use wear (Lemorini et al., 
2014), human and non-human primate behavior (Peters et al., 1981; Milton, 1999; O'Connell et 
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al., 1999; Wrangham et al., 1999), as well as food mechanical properties (Dominy et al., 2008), 
nutritional composition (Schoeninger, 2001) and natural distribution of foods (Peters and Vogel, 
2005; Copeland, 2009) are consistent with the notion that Homo likely relied to a significant 
degree on plant-based resources. However, zooarchaeological (Potts and Shipman, 1981; Bunn 
and Kroll, 1986; Pobiner et al., 2008; Ferraro et al., 2013) and lithic use wear (Keeley and Toth, 
1981; Sahnouni et al., 2013; Lemorini et al., 2014) studies demonstrate that by the Early 
Pleistocene, and perhaps earlier (Domínguez-Rodrigo et al., 2010; McPherron et al., 2010; 
Domínguez-Rodrigo et al., 2011; McPherron et al., 2011; Thompson et al., 2015), stone 
toolmaking hominins had entered the carnivore guild at least occasionally. A mixed C3-C4 plant- 
and animal-derived diet may reflect niche partitioning related to competition with grazing 
herbivores for plant-based C4 resources and with carnivores for animal-based C4 resources. These 
competitive interactions may be particularly relevant to the exploitation of difficult-to-access 
energetically expensive plant and animal resources, such as underground storage organs (Laden 
and Wrangham, 2005; Dominy et al., 2008; Lemorini et al., 2014) and large mammal carcasses 
(Bunn and Pickering, 2010; Ferraro et al., 2013; Bunn and Gurtov, 2014; Domínguez-Rodrigo et 
al., 2014). Therefore, the increased dietary flexibility and obligate tool-dependent foraging 
behavior in the genus Homo throughout the Pleistocene (Plummer, 2004; Antón et al., 2014) may 
represent an adaptation to ecological interactions unique to C4 grazer-dominated ecosystems 
(Bobe and Behrensmeyer, 2004; Fortelius, 2013; N. Owen-Smith, 2013).  
Additional zooarchaeological and actualistic studies are needed to further clarify the 
nature of hominin-herbivore-carnivore interactions (Domínguez-Rodrigo, 2001; Ferraro et al., 
2013; Domínguez-Rodrigo et al., 2014; Parkinson et al., 2014; Pante et al., 2015; Parkinson et 
al., 2015; Pobiner, 2015). The development of additional paleodiet proxies, and continued work 
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on the nutritional, mechanical, and ecogeographic properties of modern primate foods, are also 
needed to clarify the nature of C3 and C4 resource exploitation among hominins (Lee-Thorp, 
2011; Ungar and Sponheimer, 2011; Sponheimer et al., 2013), and to ultimately understand the 
paleoecological dynamics driving the extinction of C4-resource specialists during the 
Pleistocene.  
 
Comparisons with previous paleoecological studies 
Southern Kenya and northern Tanzania 
 APP taxa from the Lower Letolili Beds (ca. 4.11 Ma) (G:M:B = 50:50:0) indicate a 
mixed ecosystem dominated by C4 grazers and C3-C4 mixed feeders. Phytoliths indicate the 
dominance of C3 over C4 grasses (Rossouw and L. Scott, 2011), which suggests that C3-C4 mixed 
feeding herbivores may be indiscriminately feeding on mixed C3/C4 grass groundcover. 
APP Taxa from the Upper Laetolil Beds are dominated by C3-C4 mixed feeders below 
Tuff 3 (ca. 3.83 Ma) (G:M:B = 10:70:20) and above Tuff 3 (ca. 3.72 Ma) (G:M:B = 0:66:33). 
This interpretation is consistent with mesowear and isotopic analyses demonstrating that mixed-
feeders dominate the assemblage (Kingston, 2007b; Kaiser, 2011; Kingston, 2011), bovid 
postcranial ecomorphology indicating the dominance of relatively wooded ecosystems 
(Kovarovic and P. Andrews, 2007; Bishop et al., 2011; Kovarovic and P. Andrews, 2011), and 
phytolith data suggesting that grasses (including C3 grasses) were present but not the most 
dominant vegetation type (Rossouw and L. Scott, 2011).  These proxies contrast with faunal 
community analysis that indicates the dominance of more open habitats (Su and Harrison, 2008), 
although the abundance of C3 grasses suggests that the dominance of C3-C4 mixed feeder APP 
taxa is not inconsistent with relatively open landscapes.  
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 APP taxa from the Upper Ndolanya Beds (ca. 2.66 Ma) are dominated by C3-C4 mixed 
feeders (G:M:B = 25:63:13). Community structure (Kovarovic et al., 2002), bovid postcrania 
ecomorphological, and phytloith analyses indicate increased abundance of open, C4 grass-
dominated ecosystems relative to the Upper Laetolil Beds (Kovarovic and P. Andrews, 2007; 
Bishop et al., 2011; Kovarovic and P. Andrews, 2011; Rossouw and L. Scott, 2011). 
 APP taxa from Kanjera South (ca. 2.0 Ma) are dominated by C4 grazers (G:M:B = 
85:8:8), which is consistent with previous isotopic and faunal studies indicating the abundance of 
grazing taxa (Plummer et al., 2009a; 2009b) suggesting an open grassland biome.   
 APP taxa from Olduvai Middle Bed I (ca. 1.82 Ma) (G:M:B =  60:40:0) and Lowermost 
Bed II (ca. 1.76 Ma) (G:M:B = 50:36:14) are dominated by C4 grazers, indicating the presence of 
a savanna/mosaic biome including C3 and C4 vegetation. This result is consistent with bovid tribe 
abundances and bovid femur ecomorphological analysis suggest that relatively open 
environmental conditions were dominant (Kappelman, 1984; Shipman and J. M. Harris, 1988; 
Kappelman et al., 1997; Plummer et al., 2009a). The carbon isotopic composition of pedogenic 
carbonates and organic matter has been used to suggest that wooded habitats were dominant in 
Bed I and Lower Bed II (Sikes, 1994; Sikes and Ashley, 2007), but the relationship between δ13C 
values in soils and woody cover (Cerling et al., 2011b) indicates that these values instead reflect 
the presence of a relatively open wooded grassland. Bovid metapodial ecomorphology and δ13C 
values of leaf wax biomarkers from lacustrine sediments equivalent in age to Olduvai Bed I 
indicates the presence of grassland to forest, suggesting that a wide range of habitats was present 
during the deposition of Bed I (Plummer and Bishop, 1994; Magill et al., 2013). 
 APP taxa from Karungu, Rusinga, and Mfangano (ca. 100-33 ka) are dominated by C4 
grazers (G:M:B = 75:17:8), indicating the presence of a savanna/mosaic biome. This is 
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consistent with previous analyses of bovid abundances and the carbon isotopic composition of 
herbivore tooth enamel (Tryon et al., 2010; 2012; Faith et al., 2015; Garrett et al., 2015). 
Geochemical analysis of paleosols and tufas indicate the presence of spring-fed rivers and locally 
wooded areas within an otherwise open, grass-dominated landscape (Garrett et al., 2015; Beverly 
et al., 2015b). 
Afar 
The C3-C4 mixed feeder-dominated APP fauna (G:M:B = 8:77:15) from As Duma (ca. 
4.9 Ma) and Segala Noumou (ca. 4.35 Ma) Members of the Sagantole Formation at Gona 
indicate the presence of non-analog habitats with abundant C3 and C4 vegetation. This 
interpretation is consistent with previous analyses of herbivore tooth enamel and paleosol 
carbonate suggesting the dominance of mixed C3-C4 environments (Levin et al., 2008; Cerling et 
al., 2011b).  
APP taxa from Woranso-Mille (ca. 3.67 Ma) is dominated by C4 grazers (G:M:B = 
55:27:18), which is consistent with carbon isotopic composition of soil carbonates that yield an 
average δ13C value of -6.1±0.6‰ (Levin et al., 2015), which indicates that wooded grasslands 
would have been abundant given the relationship between δ13C and fraction of woody cover 
(Cerling et al., 2011b). 
The mixed APP herbivore community (G:M:B = 38:31:31) from the Lower Aramis 
Member (ca. 4.4 Ma) of the Sagantole Formation at Aramis indicates the presence of 
savanna/mosaic habitats, which can include grassland, woodland, and forest (including riparian 
forest). This interpretation is consistent with geological interpretations of paleosol δ13C values 
that indicate the prevalence of wooded grassland paleoenvironments (ca. 10-40% woody cover) 
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(Cerling et al., 2010; 2011b; 2014) and paleobiological inferences of wooded habitat preference 
within a mosaic of grassland, woodland, and forest (T. D. White et al., 2009; WoldeGabriel et 
al., 2009; T. D. White et al., 2010; Suwa and Ambrose, 2014).  
Pliocene APP taxa from the Base of Basal Member (ca. 3.7 Ma) (G:M:B = 20:70:10), 
Upper Basal Member (ca. 3.51 Ma) (G:M:B = 9:82:9), and Sidi Hakoma Mamber (ca. 3.33 Ma) 
(G:M:B = 11:67:22) of the Hadar Formation at Dikika are dominated by C3-C4 mixed feeders, 
which indicates the presence habitats with abundant C3 and C4 vegetation that have no known 
analog among modern eastern and central Africa ecosystems. Estimated woody cover indicates 
the prevalence of woodland/bushland/shrublands and wooded grasslands (Cerling et al., 2011b), 
which is equivalent to a savanna/mosaic. Pollen in lacustrine sediment in the Basal Member is 
dominated by monocots (grasses, sedges, reeds), indicating extensive grassy/herbaceous 
vegetation, while pollen assemblages in the Sidi Hakoma Member indicates both water-bound 
monocots and woody taxa (Bonnefille et al., 2004; Bonnefille, 2010). The pollen data suggest the 
possibility that the C3-C4 mixed diets of APP taxa may represent feeding on a mix of C4 grasses 
and C3 grass/C3 herbaceous vegetation. Previous taxon-based faunal studies suggest the 
dominance of relatively open environments including woodland and shrubland in the Basal 
Member (Alemseged et al., 2005; Reed, 2008) and woodlands to grasslands in the Sidi Hakoma 
Member (Reed, 1997; 2008), which is generally consistent with the above reconstructions. 
The Middle Pleistocene Asbole fauna is dominated by C4 grazers (G:M:B = 58:33:8), 
which indicates the presence of savanna/mosaics (including grassland, woodland, and forest). 
This interpretation is consistent with a previous analyses of δ13C values in herbivore enamel and 
paleosols as well as faunal abundances, which indicate some areas of abundant C3 woody 
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vegetation within a broader C4 dominated open environment (Alemseged and Geraads, 2000; 
Geraads et al., 2004; Bedaso et al., 2010). 
 
Turkana 
 The long-term trend toward increasingly C4 grazer dominated ecosystems in the Turkana 
Basin accords with carbon isotope analyses of pedogenic carbonates, which demonstrate long-
term increases in C4 vegetation over the past ca. 4 million years (Cerling et al., 1988; Cerling, 
1992; Levin et al., 2011; Cerling et al., 2011b). An analysis of bovid tribe abundances suggests 
open habitat indicators increase through time (Bobe and M. G. Leakey, 2009; Bobe, 2011; Bibi 
and Kiessling, 2015). Bovid postcranial ecomorphology and tribe abundance also suggests that a 
wide range of habitats including abundant woody vegetation were likely available (Kappelman et 
al., 1997; Bobe and M. G. Leakey, 2009). A more detailed discussion of APP G:M:B ratios from 
fossil collections in Turkana is available elsewhere (Cerling et al., 2015).  
 
CONCLUSIONS 
This study demonstrates that the well-established environmental trend toward increasing 
C4 vegetation in eastern Africa was accompanied by long-term ecological changes associated 
with the increasing dominance of C4 grazers. We show that grazers consistently represent ca. 50-
100% of APP taxa over the past 2 million years, which contrasts with previous studies that have 
under-estimated the degree to which ecosystems were dominated by C4 grazers. These results 
suggest that the increasing reliance on C4-derived resources among Pliocene-Pleistocene 
hominins must be understood within the context of complex trophic interactions associated with 
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foraging in C4 grazer-dominated biomes. Additional work is needed to clarify the specific habitat 
preferences of individual hominin taxa (see Bobe and Behrensmeyer, 2004; Quinn et al., 2013). 
These findings also demonstrate differential diet change among APP taxa over the past 4 
million years in southern Kenya and northern Tanzania, confirming previous observations in the 
Turkana Basin (Cerling et al., 2015). Critically, the modern diets of APP lineages appear to have 
evolved at different times, such that some taxa consume a relatively consistent diet over the past 
1 to 2 million years, while others have diets that have changed as recently as the Late 
Pleistocene.    
Finally, these findings do not exclude climatic and environmental variability as a 
potentially important driver of hominin adaptation (Kingston, 2007a; Potts, 2013; Maslin et al., 
2014; 2015). There is geological evidence for Milankovitch- and millennial-climatic variability 
(Ashley, 2007; Kingston et al., 2007; Lepre et al., 2007; Foerster et al., 2012; Wilson et al., 
2014) as well as environmental fluctuation on similar scales (Bonnefille et al., 2004; Magill et 
al., 2013). Additionally, modern ecological studies demonstrate that small-scale spatial and 
temporal (seasonal, inter-annual) heterogeneity in resources also impacts the ecology of tropical 
savannas (Toit and D. Cumming, 1999; Illius and O'Connor, 2000; Tews et al., 2004; J. Cromsigt 
and Olff, 2006; J. P. G. M. Cromsigt et al., 2009). However, assessing these parameters in the 
fossil record directly remains difficult, and additional work is needed to integrate climatic, 
environmental, and ecological changes on drastically distinct time-scales, from seasonal to 
hundred thousand year intervals, into a cohesive model of hominin adaptation and evolution 




This study was conducted in collaboration with Thomas W. Plummer, Thure E. Cerling, 
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Climate has long been thought to represent an important driver of hominin and mammalian 
evolution in Africa. However, changes in aridity remain poorly understood, largely due to 
persistent difficulties in generating terrestrial paleoclimate records. Here we use oxygen isotope 
ratios in 1224 teeth from modern large mammalian herbivores to identify taxa that are sensitive 
(ES) and insensitive (EI) to evaporation, primarily due to differences in drinking behavior, and 
show that the oxygen isotopic enrichment between ES and EI taxa can be used to calculate water 
deficit. We use 18O/16O ratios in fossil teeth (n = 358) from eastern Africa, primarily the Turkana 
Basin, Kenya, to reconstruct changes in climate over the Plio-Pleistocene. The application of the 
aridity index to appropriate fossil collections shows that mesic and arid conditions were both 
prevalent during periods of fossil preservation. Hominins accommodated variable climatic 
conditions, and were able to accommodate highly arid conditions as early as >4 Ma. There is no 
long-term trend in aridity, which demonstrates that ecological changes associated with the 





A central debate in human evolutionary studies involves the role of African climate 
change in driving biological and behavioral innovation throughout the Pliocene and Pleistocene 
(Vrba, 1989; Stanley, 1992; Bromage and Schrenk, 1995; deMenocal, 1995; Vrba, 1995; Potts, 
1998; Bromage and Schrenk, 1999; deMenocal, 2004; Wynn, 2004; Behrensmeyer, 2006; 
Kingston, 2007; Potts, 2007; 2013; Maslin et al., 2015). It is widely believed that increasing 
environmental aridity, due to orbital forcing or regional tectonic events, was responsible for the 
increasing prevalence of open C4-dominated environments and associated shifts in resource 
availability and distribution since the Pliocene (Reed, 1997; deMenocal, 2004; Wynn, 2004; 
Bobe, 2006; Sepulchre, 2006; Spiegel et al., 2007; Maslin et al., 2014). The notion that arid 
environments are adaptively significant has been fundamental to discussions of evolutionary 
shifts in hominin posture, locomotion, body proportions, thermoregulation, food acquisition, tool 
use, and social organization (Vrba, 1989; Wheeler, 1991; Stanley, 1992; Wheeler, 1992a; Ruff, 
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1993; O’Connell et al., 1999; Bramble and Lieberman, 2004). However, the role of changing 
aridity and water availability in hominin evolution remains poorly understood, largely due to the 
difficulty of generating terrestrial paleoclimate records. 
Marine and lacustrine paleoclimate archives, including analyses of dust, pollen, and leaf 
wax biomarkers, provide high-resolution records of global and African climate (deMenocal, 
2004; Bonnefille, 2010; Feakins, 2013). However, these proxies integrate large geographic areas 
and do not reflect local environmental conditions experienced by hominins. Commonly used 
indicators of terrestrial aridity, including bovid tribe abundance (Bobe, 2006; Bobe et al., 2007; 
Bibi and Kiessling, 2015) and the isotopic composition of paleosols (deMenocal, 2004; Wynn, 
2004; Maslin et al., 2014) are sensitive to other environmental parameters. Other available 
proxies, such as depth to calcic horizon (Wynn, 2004) and fossil leaf morphology (Peppe et al., 
2011), have not been widely applied in eastern Africa. Therefore, another proxy is needed to 
independently reconstruct local, terrestrial aridity in hominin environments.  
We address this problem by revising a tooth enamel aridity index, which can be used to 
quantify terrestrial aridity in tropical African ecosystems based on differing oxygen isotopic 
effects among taxa that are evaporation sensitive (ES) and evaporation insensitive (EI) (Levin et 
al., 2006). Stable oxygen isotope ratios 18O/16O (δ18O) in large mammalian herbivore tooth 
enamel are in equilibrium with body water, which relates to oxygen inputs from ingested food, 
drinking water, and inspired air and ultimately reflects meteoric water (Bryant and Froelich, 
1995; Kohn, 1996). The oxygen isotopic composition of precipitation and meteoric 
(unevaporated) surface water (i.e. springs, waterholes, rivers, streams) in the tropics relates to 
rainfall amount, elevation, and moisture source (Dansgaard, 1964; Rozanski et al., 1993; Gat, 
1996; Levin et al., 2009). Evaporation enriches remaining water in the heavy isotope 18O in open 
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bodies of water such that the oxygen isotopic composition of lake water can be up to ca. 10‰ 
higher than meteoric water in eastern Africa (Cerling et al., 2008; Jasechko et al., 2013). Aridity 
is expressed as water deficit, which describes the annual balance (mm/yr) between water gain 
(precipitation) and loss due to physical (evaporation) and biological (transpiration) processes, 
such that a positive water deficit represents an arid climate and negative water deficit (or surplus) 
represents a mesic climate.  
The aridity index (Levin et al., 2006) is based on regressions between water deficit and 




− 1 ∗ 1000  
Taxa for which ɛenamel-mw increases with water deficit are classified as ES, and reflect evaporative 
water sources (i.e. leaf or body water) that are 18O-enriched relative to meteoric water. Taxa for 
which ɛenamel-mw does not change with water deficit are classified as EI, and reflect meteoric water 
sources. EI taxa can be substituted for meteoric water such that the relationship between ɛES-EI 
and water deficit provides a predictive model for reconstructing paleoaridity. This terrestrial 
aridity proxy capitalizes on large existing isotopic datasets, and is insensitive to changes in 
vegetation (biasing mammal taxonomic abundances, diet proxies, and carbon isotopic records 
from tooth enamel, soil carbonates, and leaf wax biomarkers), moisture source, soil temperature, 
and elevation (biasing oxygen isotopic records reflecting meteoric water such as soil carbonates 
and leaf wax biomarkers), as well as mammal physiology and behavior (biasing oxygen isotopic 
records from individual species) (Levin et al., 2006).  
 We first present a revised aridity index based on updated water deficit calculations and a 
large compilation of δ18O values in modern mammalian herbivore tooth enamel (n > 1200) and  
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meteoric waters (n = 161) from locations across eastern and central Africa (Figure 1). We also 
use body water model predictions to identify possible physiological and behavioral mechanisms 
driving the relationship between ɛenamel-mw and water deficit among EI and ES taxa. We have 
compiled δ18O values (n = 358) in tooth enamel of EI and ES taxa, primarily from the Turkana 
Basin, to calculate ɛES-EI and reconstruct terrestrial paleoaridity over the Plio-Pleistocene. We 
focus on the Turkana Basin because this region provides a highly abundant and well-dated 
terrestrial records of environments directly associated with evidence for early hominin 
morphology and behavior. The original aridity index has been applied to individual fossil 
assemblages in eastern Africa (White et al., 2009; Braun et al., 2010; Kingston, 2011; Bedaso et 
al., 2013; Garrett et al., 2015), but this study represents the first attempt to generate a long-term 
paleoaridity record using carefully chosen fossil collections.  
 
METHODS  
Criteria for reconstructing paleoaridity  
 Applying the aridity index to the fossil record requires the assessment of appropriate ES 
and EI taxa, geological context, diagenetic alteration, and sample size.  
 
Choice of taxa 
To reconstruct paleoaridity using ɛES-EI values from Plio-Pleistocene fossil collections in 
eastern Africa, we use fossil relatives of ES (giraffids, tragelaphins, hippotragins) and EI 
(hippopotamids, elephantids, rhinocerotids) identified in modern ecosystems. δ18Oenamel and 
ɛenamel-mw values for modern (Figure 2A and Figure 3C) and fossil (Supplementary Figure 1) 
hippopotamidae are systematically lower than other EI taxa and similar to pedogenic carbonates 
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through time (occupying an overlapping range between ca. -8‰ to 2‰) (Figure 6), suggesting 
that δ18Oenamel values in hippopotamid teeth more closely reflect unevaporated meteoric waters 
and are the most appropriate EI taxon (Cerling et al., 2008). Fossil ɛeleph-hippo (2.4±1.9‰) and 
ɛrhino-hippo (3.3±2.5‰) values are broadly similar to modern ɛeleph-hippo (3.2±1.5‰) and ɛrhino-hippo 
(3.5±1.0‰) values, suggesting that the relationship between the oxygen isotopic composition of 
fossil elephantid and rhinocerotid tooth enamel with meteoric water is consistent with modern 
taxa. Identifying appropriate fossil ES taxa is more problematic, as there is no independent proxy 
for the isotopic composition of 18O-enriched paleo-waters, and no straightforward associations 
between changes in diet and water use through time. Identifying ES taxa as those with highest 
δ18Oenamel values, without an independent measure of aridity, is not an ideal strategy since this 
criterion could include taxa that consistently have very high δ18Oenamel values due to diet or 
drinking behavior regardless of changes in aridity. We calculate individual linear regressions for 
each combination of modern EI and ES taxa in eastern Africa. Applying each significant linear 
regression to the fossil record provides ɛES-EI values that fall largely within the modern water 
deficit range for each combination of taxa (Supplementary Figure 2).  
 
Geological context – deposition rate 
Applications to the fossil record should be limited to assemblages that have been 
deposited rapidly, to minimize bias introduced by millennial- and Milankovitch-scale (ca. 104-5 
yr) climate variability when comparing δ18Oenamel values of EI to ES taxa. While the absolute age 
uncertainty of many assemblages can be relatively large, ɛES-EI values can be calculated using 
fossils deposited within a well-constrained stratigraphic interval (such as archaeological  
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Figure 2: Isotopic enrichment (ε) between mean δ18O values and enamel and meteoric water for 
localities across eastern and central Africa among (A) evaporation insensitive (EI) taxa, (B) 
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Figure 3: Body water oxygen inputs from (A) atmospheric oxygen and meteoric water and (B) 
calculated leaf water and leaf cellulose expressed as isotopic enrichment (ε) between leaf and 
meteoric water. Measured and predicted isotopic enrichment between δ18Oenamel and meteoric 
water of (C) evaporation insensitive (EI) taxa and (D) evaporation sensitive (ES) taxa. Error bars 



































































ES model 1: 100-0% drinking, all O inputs variable
ES model 2: 100-0% drinking, food O2 variable
more drinking less drinking 
more leaf H2O less leaf H2O
EI model 1: 100-50% LW, food O2 x1, drinking variable
 EI model 2: 100-50% LW, food O2 x2, drinking variable
EI model 3: 100-50% LW, food O2 x3, drinking variable
ES model 3: 100-0% drinking, food H2O variable
null model: static oxygen influxes
more drinkingless drinking
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horizons) or from collections where taphonomic conditions indicate rapid deposition regardless 
of chronostratigraphic precision.  
 
Geological context – sedimentary environments  
ɛES-EI values should only be calculated for fossil assemblages characterized by consistent 
depositional settings, which provides an indication of the paleo-waters available to fossil 
animals. Due to the strong evaporative enrichment of lake water in eastern Africa (Cerling et al., 
2008; Jasechko et al., 2013), we restrict our analysis to fossils from depositional contexts 
characterized by flowing water (i.e. fluvial, deltaic) or the absence of water (i.e. aeolian) and 
exclude fossils from lacustrine settings, to reduce the possibility of including animals drinking 
from highly evaporated waters.  
 
Diagenesis 
Numerous studies have demonstrated that tooth enamel is resistant to diagenetic 
alteration during fossilization and preferred for paleontological application over other biogenic 
tissues (Wang and Cerling, 1994; Koch et al., 1997; Kohn et al., 1999). The carbon and oxygen 
isotopic composition of carbonate in tooth enamel are differently susceptible to different 
diagenetic parameters, and there are no clear relationships between mineralogical, 
crystallographic, and chemical changes in enamel with isotopic alteration (Wang and Cerling, 
1994; Sponheimer and Lee-Thorp, 1999; Zazzo et al., 2004; D. Roche et al., 2010). Chemical 
pre-treatment of fossil tooth enamel with buffered 0.1 M or 1M acetic acid is commonly used to 
remove diagenetic carbonates (Koch et al., 1997), and we restrict our compilation of δ18Oenamel 
values in fossils to specimens that have been treated using these methods. Unlike δ13Cenamel 
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values, there is no simple ecological indicator for preservation of primary biological signals (i.e. 
retention of expected C3- and C4-feeder endmembers) in δ18Oenamel values in fossil teeth, and the 
aridity index does not predict a consistent isotopic separation among particular taxa without prior 
knowledge of climate. Fortunately, if diagenetic alteration of both EI and ES taxa results in a 
consistent isotopic offset, water deficit calculations that reflect relative isotopic spacing among 
taxa would not be altered. ɛES-hippo values fall within the range (ca. 0-10‰) of modern mesic and 
arid endmembers in the region (Supplementary Figure 2), which suggests that significant 
diagenetic alteration differentially affecting EI or ES taxa (where ɛES-hippo < 0 or > 10) is unlikely.   
 
Sample size 
 A power analysis on regressions between ɛES-EI and water deficit (Figure 4), assuming 
+ = 0.05 and 1 − . = 0.2, demonstrates that 4-7 samples are needed to determine a difference 
of 1.3‰ (mean standard deviation of δ18Oenamel values of ES and EI taxa for samples >4 to >7). 
For ɛGiraffid-Hippo, 1.3‰ corresponds to WD precision of 481 mm/yr or 15% of the total WD range. 
For ɛTragelaphini-hippo and ɛHippotragini-Hippo, 1.3‰ corresponds to WD precision of 310 mm/yr or 10% 
of the total WD range. For ɛTragelaphini-Eleph, 1.3‰ corresponds to WD precision of 342 mm/yr or 
11% of the total WD range. For ɛTragelaphini-Rhino, 1.3‰ corresponds to WD precision of 302 mm/yr 
or 9% of the total WD range. Due to inherent limitations of the fossil record, we accept reduced 
precision associated with small sample size, which can still be used to reconstruct broad changes 




All isotopic ratios are reported using conventional per mil (‰) notation where 
δ18O=(Rsample/Rstandard-1) x 1000 and R is 18O/16O and V-SMOW (standard mean ocean water) and 
V-PDB (Vienna Pee Dee Belemnite) are standards for water (meteoric, body) and tooth enamel 
carbonate, respectively. 18O/16O ratios in tooth enamel carbonate were measured by reacting 
enamel powder samples with 100% H3PO4 at 90 °C and analyzing the resulting CO2 on a dual 
inlet isotope ratio mass spectrometer (Finnigan MAT 252). Modern and fossil internal laboratory 
reference standards that have been reacted at 25 °C and 90 °C were used to correct for 
temperature-dependent fractionations in oxygen (Passey et al., 2007). Modern and fossil tooth 
enamel were pretreated using standard procedures before isotopic analysis to remove organic 
contaminants (3% H2O2) and secondary exogenous carbonates (0.1 M buffered acetic acid) 
(Koch et al., 1997; Sponheimer and Cerling, 2014). Fossil values were only used if enamel 
powders were pretreated. Reported uncertainties in paleoaridity estimates are the standard 
deviation of each ɛES-EI value converted to the equivalent range in water deficit as estimated with 
the ɛES-EI regression. Oxygen isotope ratios were converted to the VPDB scale from the VSMOW 







Water deficit  
We used available rainfall and temperature data to calculate water deficit for each locality 
(see Supplementary Table 1). Water deficit (WD) is the difference between potential 
evapotranspiration (PET) and mean annual precipitation (MAP), and we calculate PET as a 
function of mean annual temperature (MAT) and latitude (Thornthwaite, 1948; Levin et al., 
2006). The Thornthwaite method is well-suited for estimating water availability of vegetated 
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surface, while other methods available for estimating PET (e.g. Penman, Class A pan 
evaporation) may be more appropriate for open water surfaces and overestimate PET in eastern 
African environments (Penman, 1948; Dagg and Blackie, 1970; Cerling, 1986). PET (mm/yr) is 
calculated using the following equation (Thornthwaite, 1948): 
 














a is a coefficient: 
 P = 6.75 ∗ 10#R ∗ GS − 7.71 ∗ 10#N ∗ GJ + 1.792 ∗ 10#J ∗ G + 0.49239 (8) 








So is the number of days in each month and S is the number of sunlight hours on the 15th of each 
month: 
 X = 24 ∗	Z[π  
(10) 
where ωs is the sunset hour angle (radians): 




ɸ is latitude (radians) and δ is solar declination (radians): 
 




and n is the number of day of year starting from first of January. 
 
 
Leaf water and cellulose model 
 The oxygen isotopic composition of leaf water at sites of evaporation (δ18Olw) and leaf 
cellulose (δ18Olc) were calculated using a modified version of the Craig-Gordon evaporative 
enrichment model where δ18OMW and relative humidity were available, and expressed as 
enrichments over measured meteoric (source) water (ɛleaf-MW) (Craig and Gordon, 1965; Roden 
and Ehleringer, 1999; Barbour et al., 2004; Levin et al., 2006; West et al., 2008). Temperature 
dependent equilibrium fractionation (α*) is calculated using the following equation: 





k#n  (13) 
where e is Euler’s number, a = 24844, b = 76.248, c = 0.052612, RL is liquid water isotope ratio 
(18O/16O), RV is the water vapor isotope ratio, and T is temperature. Kinetic fractionation factor 
associated with diffusion from an evaporating surface inside the leaf is estimated as αk = 1.032, 
and diffusion through a boundary layer is αk = 1.021 (Cappa et al., 2003). 18O/16O ratios in leaf 















where Rlw is the isotope ratio of leaf water, RS is the isotope ratio of the source water, RA is the 
isotope ratio of the atmospheric water vapor, RSMOW is the isotope ratio of the standard VSMOW, 
es is the leaf surface vapor pressure, ei is internal leaf vapor pressure, and ea is atmospheric vapor 
pressure. Vapor pressure equations are available elsewhere (Ball, 1987). We assume that RS = 
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δ18OMW, RA = RS – 9‰, T = MAT, stomatal conductance = 0.3 mol m-2s-1, and boundary later 
conductance = 1 mol m-2s-1 (Roden and Ehleringer, 1999; Levin et al., 2006). 18O/16O ratios in 
leaf cellulose are calculated with the following equation: 
 δ23Oot = u ∗ δ23Oop + +n + 1 − u ∗ (δ23Oop + +[) (15) 
where F is the fraction of exchange with medium (leaf) water, αc is heterotrophic fractionation 
associated with oxygen from xylem water forming cellulose, and αs is autotrophic fractionation 
associated with cellulose formation from sucrose. We assume that F = 0.42 (Roden and 
Ehleringer, 1999) and that px and pex = 27 (Sternberg and DeNiro, 1983; Yakir and DeNiro, 1990; 
Luo and Sternberg, 1992). 
 
Body water model 
 
The oxygen isotopic composition of body water was calculated using the Kohn model 
(Kohn, 1996) developed for African mammals. The model can be expressed using the following 
mass balance equation:  
 
δ23O$; =









where δ18OBW and δ18OSW and are the oxygen isotopic composition of body and meteoric water, 
respectively, Min,airO2 describes air oxygen input, ∑Min, Å describes all other oxygen input 
components, Δ18OÅ-SW is the fractionation between the oxygen inputs Å and surface water, and 
Δ18O.-BW is the fractionation between oxygen outputs . and body water (Kohn, 1996). Oxygen 
influxes include air O2, free water ingested as drinking water (meteoric water) and liquid water in 
plants (leaf water), and metabolic oxygen derived from bound O2 in food. Oxygen outfluxes 
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include fecal H2O, urea, urine, nasal H2O, skin vapor H2O, oral H2O, sweat, and CO2. We use 
baseline model parameters representative of a mammalian herbivore (Kohn, 1996), since precise 
behavioral and physiological data on each specific species are not available. Changes to model 
parameters are expressed relative to this baseline. We do not explicitly account for differences in 
body size, as proportional oxygen influxes and outfluxes do not markedly vary (<10%) across 
the body mass range encompassed by the meso- and mega-herbivores under study here (Bryant 
and Froelich, 1995). Additionally, predictions of a generalized model can be more readily 
extended, with fewer assumptions, to fossil relatives where precise behavioral and physiological 
parameters are difficult or impossible to measure.  
Oxygen inputs include δ23OyÇ:l	(15.1‰), which is based on an estimate of oxygen 
incorporated in the lungs of terrestrial animals (Kohn, 1996; Podlesak et al., 2008), mean δ18OMW 
(-2.9‰) (Figure 3A), and calculated δ18Olw and δ18Olc that vary over a water deficit range (-1000 
mm/yr to +3000 mm/yr) encompassing measured δ18Oenamel values (Figure 3B). We assume the 
oxygen isotopic composition of leaf cellulose is representative of the isotopic composition of 
constitutional oxygen in food (Kohn, 1996). Oxygen outputs are invariant, as EI and ES taxa are 
characterized by a variety of thermoregulatory strategies (water use efficiency, sweating/panting, 
sensitivity of skin to water vapor loss) (Robertshaw and Taylor, 1969; Taylor et al., 1969; 
Taylor, 1970; Taylor and Lyman, 1972; Maloiy, 1973a; 1973b; Woodall and Skinner, 1993; 
Maloiy et al., 2008) that have minor effects on body water δ18O (< ca. 3‰) (Kohn, 1996). 
Predicted body water isotope ratios are expressed as ɛenamel-mw by converting initial model output 
δ18OBW (VSMOW) values to enamel structural carbonate using the apparent fractionation factor 
(α*) of 1.0263 (Bryant and Froelich, 1995) and the following relationship:  
 δ23OÉxyÇÉo VSMOW = 1.0263 ∗ 1000 + δ23O$; VSMOW − 1000 . (17) 
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Predicted δ18Oenamel (VSMOW) values are converted to δ18Oenamel (VPDB) values and expressed 
as ɛenamel-mw using mean δ18OMW (VPDB) for predicted δ18Oenamel (VPDB) and measured δ18OMW 
(VPDB) for measured δ18Oenamel (VPDB). 
 
Materials 
The oxygen isotopic composition of meteoric water was determined using published δ18O 
values of waters (n = 161) collected from minimally evaporated sources (i.e. springs, boreholes, 
streams, rivers) (see Appendix I). Modern mammalian tooth enamel was sampled from existing 
skeletal collections as well as field surveys primarily in protected areas (national parks and 
reserves), with additional modern δ18Oenamel values compiled from the literature (see Appendix 
II).  Additional information on these sampling localities is available elsewhere (Cerling et al., 
2015). δ18Oenamel from animals known or suspected to drink primarily from evaporated water 
sources (i.e. lakes) were excluded.  
Fossil teeth (n = 228) used to estimate paleoaridity were chosen from paleontological and 
archaeological collections ranging in age from ca. 4.4 to 1.7 Ma that meet the criteria enumerated 
above. Fossils are primarily derived from the Turkana Basin, including teeth from the Kanapoi 
Formation (ca. 4.2-4.11 Ma), Koobi Fora Formation (ca. 4-0.75 Ma), and the Nachukui 
Formation (ca. 4.25-0.75 Ma) (F. H. Brown and Feibel, 1986; Harris et al., 1988; F. H. Brown 
and Feibel, 1991; McDougall and F. H. Brown, 2008; McDougall et al., 2012). Fossil specimens 
included in this study collected during survey, excavation, and taphonomic study from the early 
Pliocene (Kanapoi Formation and the upper Lonyumun Mb., Koobi Fora Fm.), the mid-Pliocene 
(lower Lomekwi Mb., Nachukui Fm.), the late Pliocene (upper Lomekwi Mb., Nachukui Fm.), 
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and the early Pleistocene (upper Burgi Mb., Koobi Fora Fm. And Kaito Mb., Nachukui Fm). 
Fossil teeth from outside of the Turkana Basin are included for comparison, from the early 
Pliocene in Afar, northern Ethiopia (Lower Aramis Member, Sagantole Formation) (White et al., 
2009) and from the early Pleistocene in southern Kenya (Southern Mb., Kanjera Fm.) (Plummer 
et al., 2009). Location, stratigraphic position, depositional setting, and estimated age of fossil 
δ18Oenamel values are summarized in Appendix III. 
Following (Levin, 2008), Turkana Basin fossils used to calculate paleoaridity include the 
following assemblages. Fossils from the Kanapoi Formation were collected in the 1990s (Harris 
and M. G. Leakey, 2003), and are associated with a paleosol directly above the lower pumiceous 
tuff (4.2 Ma) and a channel complex below the Kanapoi Tuff (4.11 Ma), which represent the 
same fluvial system of the ancestral Kerio River (M. G. Leakey et al., 1995; 1998; Feibel, 2003; 
McDougall et al., 2012). Fossils from the upper Lonyumum Member were collected at the 261-1 
site, from a sandy horizon 5 m below the Moiti Tuff (3.97 Ma) representing floodplain 
deposition of the ancestral Omo River (M. G. Leakey et al., 1995; McDougall et al., 2012). 
Fossils from the lower Lomekwi member include teeth from fossil collection areas Lomewki 4 
and 5 (LO4/5), which include pebble conglomerates representing ephemeral stream deposition 
immediately below and above the Tulu Bor Tuff (3.44 Ma) (Harris et al., 1988; M. G. Leakey et 
al., 2001; McDougall et al., 2012). Fossils from the Upper Lomewki Member include teeth from 
fossil collection areas Lomewki 1, 2, and 3 (LO1/2/3) and Kangatukuseo 1,2, and 3 (KU1/2/3), 
which include sediments between the Hasuma Tuff (3.07 Ma) and the Lokalalei Tuff (2.53 Ma) 
(Harris et al., 1988; Feibel et al., 1989; McDougall et al., 2012). Fossils from KU2 span the 
boundary between the upper Lomekwi Member and the Lokalalei Member, defined by the 
Lokalalei Tuff (2.53 Ma), and are therefore treated separated in the following analysis. Fossils 
	 164 
from the upper Burgi Member were collected at the FwJj20 archaeological site in Area 41, which 
lies 14 m below the KBS Tuff and is dated to 1.95 Ma (Braun et al., 2010). Fossils from the 
Kaito Member include teeth from fossil localities Kalochoro 1 and 3 (KL3/6), Naiyena Engol 1, 
2, and 3 (NY1/2/3), and Loruth Kaado 4 (LK4), which include sediments between the Malbe 
Tuff (1.84 Ma) and the Okote Tuff (1.61 Ma) (Harris et al., 1988; Kibunjia et al., 1992; 
McDougall et al., 2012). Fossils from the upper Kaito Member include teeth collected from the 
archaeological sites Kokiselei 1 (KS1) and (KS2) (H. Roche et al., 2003; Jehle, 2013). Sediments 
at KS2 lie between KS4 (dated by magnetostratigraphy and estimated sedimentation rate to 1.76 
Ma) and the Morutot Tuff (1.61 Ma), and KS1 lies between the BKS Tuff (1.87 Ma) and KS4 
(1.76 Ma) (Lepre et al., 2011). 
Fossils from the Lower Aramis Member of the Sagantole Formation were collected 
primarily from fossil localities ARA-VP-1 and 6, with additional fossils from ARA-VP-7 and 17, 
KUS-VP-2, and SAG-VP-7, in sediments between the Gàala (“Camel”) Tuff Complex (GATC) 
(4.419 Ma) and the Daam Aatu (“Baboon”) Basaltic Tuff (DABT) (4.416 Ma) representing 
alluvial floodplain deposition (White et al., 2009; WoldeGabriel et al., 2009). Based on 
statistically indistinguishable tephra 40Ar/39Ar ages and inferred environmental and evolutionary 
stability the Lower Aramis Member is estimated to have accumulating over ca. 102-4 years 
(WoldeGabriel et al., 2009).  
Fossils from the Southern Member of the Kanjera Formation were collected from 
excavation and survey from the second lowermost bed, KS-2 (Plummer et al., 2009). KS-2 is a 
well-sorted fluvial silt to fine pebbly sand deposited by sheet wash and shallow, ephemeral 
streams. Diffuse conglomerate lenses are indicative of short intervals of higher energy flow 
(Ditchfield et al., 1999; Plummer et al., 2009). KS-2 is highly fossiliferous, and includes 
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abundant Oldowan lithics (Plummer et al., 1999; Braun et al., 2008; 2009c; Ferraro et al., 2013). 
Hominins were the primary agent of deposition in the non-conglomeratic sediments, and 
sedimentology and fine-scale stratigraphy suggests that deposition occurred rapidly over decades 
to hundreds of years (Plummer et al., 1999; Ferraro et al., 2013). 
 
RESULTS AND DISCUSSION 
The aridity index 
We present δ18O values in tooth enamel of mammalian herbivores (n = 1224 in 58 
species) from 37 locations in Democratic Republic of Congo, Ethiopia, Gabon, Kenya, Tanzania, 
and Uganda (Figure 1), climate data and water deficit estimates for each location, and δ18O 
values in meteoric water (n = 161) from 33 of these locations (Supplementary Table 1, Appendix 
I-II). Our compilation of modern climate data includes an expanded PET and WD scale, due to 
the correction of a mathematical error in calculating PET and the incorporation of additional 
locations (Supplementary Figure 3). Water deficit increases non-linearly with decreasing mean 
annual precipitation (logarithmic regression, r2 = 0.7546, P < 0.0001) and increasing mean 
annual temperature (quadratic polynomial regression, r2 = 0.6829, P < 0.0001) (Supplementary 
Figure 3). The oxygen isotopic composition of atmospheric O2 and the oxygen isotopic 
composition of meteoric water (δ18Omw) do not vary with water deficit (P = 0.8832) (Figure 3A). 
We calculated the oxygen isotopic composition of leaf water (δ18Olw) and leaf cellulose (δ18Olc) 
using a leaf water model, and ɛlw-mw and ɛlc-mw increase with water deficit (leaf water: r2 = 0.5175, 
P < 0.002501; leaf cellulose: r2 = 0.5169, P < 0.002523) (Figure 3B). ɛenamel-mw for 
Hippopotamidae (Hippopotamus amphibius), Elephantidae (Loxodonta africana and Loxodonta 
cyclotis), and Rhinocerotidae (Ceratotherium simum and Diceros bicornis) do not vary with 
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water deficit and are classified as EI taxa (Figure 2A and Figure 3C). ɛenamel-mw for Giraffidae 
(Giraffa camelopardalis and Okapia johnstoni), Hippotragini (Hippotragus niger, Oryx beisa), 
and Tragelaphini (Boocerus eurycerus, Taurotragus oryx, Tragelaphus buxtoni, Tragelaphus 
imberbis, Tragelaphus scriptus, Tragelaphus spekei, Tragelaphus strepsiceros) increase with 
water deficit and are classified as ES taxa (Figure 2B and Figure 3D). The regression coefficients 
(slopes) of ES taxa vary significantly from each other (P < 0.001, F test), except for Tragelaphini 
and Hippotragini, which have a similar slope (P > 0.05, F test).  
Our dataset reveals that, despite preliminary observations to the contrary (Levin et al., 
2006), Antilopini, Bovini, and Neotragini should be excluded from the ES category (Figure 2). 
Additional sampled taxa, including other bovid tribes, three suid species, and two equid species, 
do not have a significant relationship with water deficit (Figure 2). While the regression between 
ɛenamel-mw and water deficit for Cephalophini is statistically significant, this relationship is likely 
an artifact of the very small water deficit range (ca. 500 mm/yr) encompassed by our dataset.  
The oxygen isotopic composition of mammalian body water reflects oxygen fluxes and 
isotopic fractionations relative to meteoric water (Bryant and Froelich, 1995; Kohn, 1996). We 
use a body water model to understand how oxygen budgets of EI and ES taxa respond to 
increasing aridity, using leaf water and leaf cellulose to represent food water and food O2 (Kohn, 
1996). The distribution of water-dependent EI taxa is restricted to areas near drinking water 
sources in arid environments (Western, 1975; de Leeuw et al., 2001; Sitters et al., 2009; Ogutu et 
al., 2010) and the moisture content of leaf water in trees and grasses declines with increasing 
aridity (Taylor, 1968; Sobrado, 1986; Kay, 1997). Therefore, we model changes to the oxygen 
budgets of EI taxa with increasing water deficit driven by a balance between decreasing influx of 
leaf water and increasing influx of drinking water (Figure 3C). The spatial distribution of water-
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independent ES taxa, which can survive without drinking water, is not related to the availability 
of surface water sources (Western, 1975; de Leeuw et al., 2001; Sitters et al., 2009; Ogutu et al., 
2010). Therefore, we model changes to the oxygen budgets of ES taxa are driven by decreasing 
proportional influx of drinking water with increasing water deficit (Figure 3D).  
Predicted ɛenamel-mw values suggest that EI taxa reflect meteoric water due to decreased 
reliance on oxygen in evaporated free water in food, with increasing/persistent proportional 
intake of both unevaporated (drinking water) and evaporated (food O2) oxygen sources (Figure 
3C). The positive offsets in ɛenamel-mw between Elephantidae and Rhinocerotidae with 
Hippopotamidae can be explained by differences in the oxygen balance from food O2 compared 
to other inputs (Figure 3C), which may relate to dietary differences associated with the degree of 
water dependence. 
 Predicted ɛenamel-mw values suggest that ES taxa respond to aridity primarily due to 
decreasing ingestion of unevaporated drinking water and increasing reliance on 18O-enriched 
oxygen from food (leaf water and O2) (Figure 3D), consistent with the observation that water-
independent ruminants in eastern African increase food intake when exposed to dehydration and 
heat stress (Maloiy et al., 2008). Differences in the composition of the oxygen budget are 
consistent with differences in slope of ɛenamel-mw values in ES taxa, with greater slope associated 
with an oxygen budget dominated by a balance between drinking water and food O2 rather than 
leaf water. A static oxygen budget is inconsistent with ɛenamel-mw of either ES or EI taxa (Figure 
3D). 
In sum, the consumption of 18O-enriched leaf water is not sufficient to explain the 
response of ES ɛenamel-mw values to aridity, which instead likely relates to differences in drinking 
behavior and associated changes in the proportion of oxygen influxes.  
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 Using average δ18Oenamel for each ES and EI taxa at each modern locality, ɛGiraffid-
Hippopotamidae (P < 0.01, R2 = 0.7277), ɛTragelaphini-Hippopotamidae (P < 0.001, R2 = 0.8955),  ɛHippotragini-
Hippopotamidae (P < 0.01, R2 = 0.8654),  ɛTragelaphini-Elephantidae (P < 0.001, R2 = 0.8899), and ɛTragelaphini-
Rhinocerotidae (P < 0.001, R2 = 0.9652) increase linearly with increasing water deficit (Figure 4). 
The aridity index can therefore be expressed as the following series of equations: 
 ε"#$%&&#'%()*#++,+,-%.#'%( = WD ∗ 2.7 ∗ 10)8 + 4.7936 (18) 
 ε>$%?(@%+A#B#)*#++,+,-%.#'%( = WD ∗ 4.2 ∗ 10)8 + 4.086 (19) 
 ε*#++,-$%?#B#)*#++,+,-%.#'%( = WD ∗ 2.7 ∗ 10)8 + 2.1359 (20) 
 ε>$%?(@%+A#B#)E@(+A%B-#'%( = WD ∗ 3.8 ∗ 10)8 + 0.9211 (21) 
 ε>$%?(@%+A#B#)FA#B,G($,-#'%( = WD ∗ 4.3 ∗ 10)8 + 0.0872 (22) 
 
Paleoaridity 
We use the oxygen isotopic composition of tooth enamel (n = 228) from fossil 
mammalian herbivore EI and ES taxa to reconstruct terrestrial paleoaridity in eastern Africa from 
4.4 to 1.7 million years ago (Appendix III). We focus on fossil assemblages from the Turkana 
Basin in northern Kenya, which provides the best long-term sequence of fossil and 
archaeological localities meeting the criteria for applying the aridity index. Water deficit 
estimates are similar when using the average of ɛES-hippopotamidae calculations or the average of    
ɛES-EI  calculations using all available taxa; therefore, in the following discussion we use the latter 
(Figure 5). We find that mesic (WD < 0) and arid conditions (WD > 0) were both prevalent 
during periods of fossil preservation (Figure 5). All paleoaridity estimates fall within the water 
deficit range observed in modern eastern African ecosystems. There is no long-term trend over 
time (P = 0.6218).  
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Figure 4: Isotopic enrichment (ε) between mean δ18Oenamel values of ES taxa (rows) and mean 
δ18Oenamel values  of EI taxa (columns) across modern ecosystems in eastern and central Africa. 
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Our paleoaridity record from the early Pliocene begins with arid conditions associated 
with Ardipithecus ramidus fossils the Lower Aramis Member, Sangatole Formation (White et al., 
2009). The Omo-Turkana Basin ca. 4.2-4 Ma is characterized by arid and mesic conditions at 
Kanapoi (ca. 4.16 Ma) and Allia Bay (ca. 4.0 Ma), respectively, associated with the earliest 
definitive evidence for obligate bipedalism with the appearance of Australopithecus anamensis 
(M. G. Leakey et al., 1995). We find that the earliest stage of hominin evolution in the late 
Miocene and early Pliocene, associated with the evolution of bipedal posture and locomotion as 
well as the reduction of the canine-premolar honing complex, is associated with both mesic and 
arid climatic conditions and relatively woody vegetation (woodland/bushland/shrubland) (Figure 
6) (Cerling et al., 2011).  
Middle to Late Pliocene (ca. 3.5-2.6 Ma) fossil assemblages in Turkana indicate highly 
variable conditions that include arid (LO1/2/3, KU1/3) and mesic (LO4/5, KU2) climates, 
associated with relatively woody environments (woodland/bushland/shrubland) (Figure 6) 
(Cerling et al., 2011). This time interval in Turkana includes fossils of Kenyanthropus (M. G. 
Leakey et al., 2001) and Paranthropus (Walker et al., 1986) as well as the earliest recognized 
stone tool industry (Harmand et al., 2015). The Early Pleistocene (ca. 2-1.5 Ma) is represented in 
the Turkana Basin by fossil assemblages in the upper Burgi Member of the Koobi Fora 
Formation as well as the Kaito Member of the Nachukui Formation, which indicate arid (FwJj20, 
Kalochoro KL3/6, Naiyena Engol NY1/2/3, Loruth Kaado LK4), moderate (KS2), and mesic 
(Kokiselei KS1/2) conditions. More open vegetation, including wooded grasslands, became more 
prevalent during this time interval (Cerling et al., 2011). Mesic conditions prevailed at Kanjera 
South KS-2 in southwestern Kenya, associated with an open grassland ecosystem (Plummer et 
al., 2009). The Turkana Basin includes an abundant fossil record of early Homo and Homo  
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Figure 5: Paleoaridity is expressed as mean of water deficit (mm/yr) calculated using regressions 
for (A) all evaporation insensitive taxa, and (B) only hippopotamidae. Error bars indicate ±1σ for 














































































erectus (M. G. Leakey et al., 2012) and Paranthropus (R. E. Leakey and Walker, 1988) during 
this time period. Archaeological occurrences in the Nachukui and Koobi Fora Formations in the 
Omo-Turkana Basin and the Kanjera Formation in southwestern Kenya record Oldowan hominin 
toolmaking (Bunn, 1981; Kibunjia et al., 1992; Rogers et al., 1994; Plummer et al., 1999; Braun 
et al., 2008; 2009a; 2009b; 2009c) and use (Keeley and Toth, 1981; Pobiner et al., 2008; Ferraro 
et al., 2013; Lemorini et al., 2014), as well as the early appearance of Acheulean tools in the 
upper Kaito Member of the Nachukui Formation (Lepre et al., 2011).  
 
Climate and human evolution 
In summary, these results show that the spectrum of terrestrial environments available to 
hominins included mesic and arid settings, encompassing a similar water deficit range to eastern 
Africa today from ca. 4.4 to 1.7 Ma (Figure 6), including time intervals associated with the 
appearance of the genera Australopithecus, Kenyanthropus, Homo, and Paranthropus, as well as 
the evolution of obligate bipedalism, stone toolmaking, and carnivory/omnivory. Our findings 
demonstrate no long-term directional trends in aridity or changes in the range of climatic 
conditions; mesic and arid conditions appear at multiple time intervals throughout. These 
findings are consistent with the notion that climate was highly variable throughout the Plio-
Pleistocene, which suggests that from a relatively early stage, hominins were able to 
accommodate variable, fluctuating environmental conditions with repeated arid-humid cycles 
(Potts, 1998; Bonnefille et al., 2004; Kingston, 2007; Trauth et al., 2007; Grove, 2011a; 2011b; 
Potts, 2013; Antón et al., 2014; Maslin et al., 2014; Potts and Faith, 2015).  
Aridity is relevant to understanding the evolution of thermoregulation in hominins and other 
mammals, and the evolution of upright posture, bipedal locomotion (including running), limb 
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proportions, body shape, reduced body hair, and sweating have been linked to adaptation to hot, 
arid climates (Wheeler, 1984; Ruff, 1991; Wheeler, 1991; 1992b; 1992a; Ruff, 1993; Wheeler, 
1994; Bramble and Lieberman, 2004; Ruxton and Wilkinson, 2011a; 2011b). Our results 
demonstrate that the known range of hominin populations would have included very arid 
environments, which is consistent with a clumped isotope study of paleosol carbonates in the 
Turkana Basin showing persistent high soil temperatures over the past 4 million years (Passey et 
al., 2010). Therefore hominins were associated with marginal, highly arid environments by the 
early Pliocene. The relative abundance of C3 woody vegetation during the Pliocene (Figure 6) is 
consistent with the notion that hominins could have relied on widely-available shade-providing 
plants to reduce thermoregulatory stress during periods of high aridity. Additionally, 
archaeological occurrences in Turkana between ca. 2.4-1.4 Ma are preferentially associated with 
more woody settings, which suggests that as open, C4-dominated ecosystems became more 
prevalent hominins may have concentrated their activities in wooded areas with reduced heat 
load (Wheeler, 1994; Quinn et al., 2013). The idea that hominins may have avoided open areas 
during periods of high aridity is consistent with abundant archaeological occurrences at Kanjera 
South ca. 2 Ma demonstrating the repeated use by Oldowan toolmaking hominins of an open 
grassland (Chapter 3) (Plummer et al., 2009; Ferraro et al., 2013) where shade would have been 
scarce, in a mesic climate with lower heat load.  
 
Climate and ecology     
The terrestrial paleoaridity record in Turkana is consistent with the notion that rainfall 
amount has shifted periodically across eastern Africa throughout the Plio-Pleistocene  
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Figure 6: Compilation of data indicating aspects of climate/hydrology (meteoric water, aridity) 
and ecology (fauna, vegetation) over the past 5 million years in the Turkana Basin, Kenya. 
Pedogenic carbonate δ18O values are reported relative to VPDB and are from (Levin, 2015). 
Hippopotamidae tooth enamel δ18O values are reported relative to VPDB, and are from compiled 
in Appendix III. Lake lake intervals are identified as in (Trauth et al., 2007), except for paleo-
Lake Lorenyang (ca. 2 Ma) identified as in (Lepre 2014). Aridity is expressed as annual water 
deficit (mm/yr), calculated from the average of water deficit estimates using all available 
evaporation insensitive taxa present at each locality, using data compiled in Appendix III. Error 
bars plotted as in Figure 5. Faunal indicators include percent Alcelaphini+Antilopini, calculated 
as the relative abundance of specimens assigned to all bovid tribes, for Omo, West Turkana, and 
East Turkana from (Bibi and Kiessling, 2015). Percent C4 grazers among Artiodactyla-
Perissodactyla-Proboscidea (APP) taxa from (Cerling et al., 2015), calculated using the average 
δ13C value of each taxon within a single time interval to identify C4 grazers (>75% C4, >-1‰), 
C3-C4 mixed feeders (between 25% and 75% C4, between -8‰ and -1‰), and C3 browsers 
(>75% C4, <-8‰), based on modern C3 and C4 vegetation in eastern and central Africa and 
correcting for the estimated carbon isotopic composition of preindustrial (ca. 1750) atmospheric 
CO2 and assuming a diet-enamel enrichment of 14.1‰. Error bars indicate time intervals 
between correlative marker horizons between Koobi Fora and Nachukui Formations. Pedogenic 
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(Deino et al., 2006; Ashley, 2007; Kingston et al., 2007; Lepre et al., 2007; Scholz et al., 2007; 
Trauth et al., 2007; Larrasoaña et al., 2013; Magill et al., 2013; Wilson et al., 2014; Trauth et al., 
2015). However, we find no evidence for a long-term increase in terrestrial aridity (Figure 6), 
which contrasts with marine-based dust and pollen records that have been interpreted to indicate 
regional aridification in eastern African between ca. 3-1 Ma (deMenocal, 1995; 2004). The 
aridity index also demonstrates that arid conditions were prevalent during large lake intervals 
(Figure 6), which indicates that sedimentological evidence for lacustrine deposition does not 
necessarily represent uniformly humid conditions (Trauth et al., 2007; Maslin et al., 2014). Lake 
levels can vary independently of rainfall, as demonstrated by the early Pleistocene paleo-Lake 
Lorenyang, which formed as a result of tectonic shifts (Bruhn et al., 2011; Lepre, 2014). 
Increasing abundance of bovid tribes Alcelaphini and Antilopini (AA) has been used as a 
taxonomic indicator of open, arid environments (Vrba, 1980; Greenacre and Vrba, 1984); 
however, long-term increases in proportion AA observed in northern Kenya (Bobe, 2006; Bobe 
et al., 2007; Bobe, 2011; Bibi and Kiessling, 2015) is not associated with increasing aridity 
(Figure 6). Instead the long-term trend among bovid tribe abundance mirrors the increasing 
abundance of C4 grazers among all large mammalian herbivore APP (Artiodactyla-
Perissodactyla-Proboscidea) taxa as well as C4 vegetation (Figure 6). Therefore, increasing 
proportion AA may relate primarily to the availability of grass rather than aridity.  
Long-term ecological change associated with increasing abundance of C4 vegetation (i.e. 
decreasing woody cover) and C4 grazers is not associated with increasing aridity (Figure 6). 
Although the abundance of C4 vegetation has been used as an indicator of aridity (deMenocal, 
2004; Wynn, 2004; Sepulchre, 2006; Maslin et al., 2014), modern ecological studies in tropical 
Africa demonstrate that the abundance and distribution of C4 plants and woody cover is 
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associated with a wide variety of abiotic and biotic factors, such as rainfall seasonality, 
herbivory, fire, and atmospheric pCO2 (Sankaran et al., 2005; Good and Caylor, 2011; Lehmann 
et al., 2011; Ratnam et al., 2011; Murphy and Bowman, 2012; Guan et al., 2014). Therefore, the 
abundance of C4 plants should not used as an indicator of aridity among non-forest biomes, and 
temporal and geographic variation in vegetation and climate in eastern Africa may often be 
decoupled such that factors other than water availability are more important drivers of ecological 
change (Levin, 2015).  
 
Implications for reconstructing meteoric water 
An independent terrestrial paleoaridity record provides a new control on interpreting 
changes in the oxygen isotopic composition in meteoric water in the past, as reflected in oxygen 
isotopic composition of pedogenic carbonates and hippopotamid tooth enamel (Figure 6). δ18O 
values in pedogenic carbonates reflects the isotopic composition of soil water, which a function 
of rainfall, air temperature (evaporation), and soil temperature. In tropical Africa, δ18O values in 
precipitation relate to rainfall amount, moisture source, and elevation (Dansgaard, 1964; 
Rozanski et al., 1996; Levin et al., 2009). There is a significant long-term trend of increasing 
paleosol carbonate δ18O values in the Omo-Turkana Basin, which reflects increasing meteoric 
water δ18O values (indicating increased evaporation or decreased rainfall amount) or increasing 
soil water evaporation (Levin et al., 2011). This trend is not reflected in hippopotamid tooth 
enamel δ18O values or in paleoaridity estimates (Figure 6), which suggests that pedogenic 
carbonate δ18O values more likely reflect changes to soil water evaporation rather than meteoric 
water and climate. Increased soil water evaporation is consistent with increasing paleosol 
carbonate δ13C values accompanying increasing δ18O values, particularly after ca. 2 Ma, as C4 
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plants are adapted for higher water use efficiency (R. H. Brown, 1999). Clumped-isotope 
paleothermometry of pedogenic carbonates suggests that soil temperatures were consistently 
high (>30 °C) from ca. 4 to 1 Ma, and histories of soil temperature must account for this. In sum, 
the increase in paleosol carbonate δ18O values, particularly after ca. 2 Ma, likely relate to shifts 




Our findings demonstrate that the aridity index can be used to reconstruct terrestrial 
paleoclimatic variation in tropical Africa and to place the fossil and archaeological records of 
hominin biological and behavioral evolution in climatological context. Hominins experienced 
highly variable water deficit throughout the Plio-Pleistocene, and were able to accommodate 
highly arid conditions as early as 4.4 million years ago. There is no long-term trend in aridity, 
which contrasts with interpretations of marine-based climate records and demonstrates that long-
term ecological restructuring in northern Kenya associated with increasing C4 vegetation and C4 
grazing taxa was not driven by increasing aridity. Characterizing extant EI and ES taxa in other 
regions will expand the utility of this approach for examining animal water-use and terrestrial 
aridity in additional paleontological, archaeological, and modern systems. 
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Supplemental Figure 2: ɛES-EI values calculated for each combination of taxa present in fossil 















































































Supplemental Figure 3: Revised (this study) and original (Levin et al., 2006) calculations for 
water deficit (mm/yr) and potential evapotranspiration (mm/yr) relative to measured mean 
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CHAPTER 5. Stable isotope time-series in mammalian teeth: In situ δ18O from the 
innermost enamel layer 
 
This chapter was first published in Geochimica et Cosmochimica (Year 2014, Volume 124, 
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Abstract
Stable carbon and oxygen isotope ratios in mammalian tooth enamel are commonly used to understand the diets and
environments of modern and fossil animals. Isotope variation during the period of enamel formation can be recovered by
intra-tooth microsampling along the direction of growth. However, conventional sampling of the enamel surface provides
highly time-averaged records in part due to amelogenesis. We use backscattered electron imaging in the scanning electron
microscope (BSE-SEM) to evaluate enamel mineralization in developing teeth from one rodent and two ungulates. Gray levels
from BSE-SEM images suggest that the innermost enamel layer, <20 lm from the enamel–dentine junction, is highly
mineralized early in enamel maturation and therefore may record a less attenuated isotopic signal than other layers. We sam-
pled the right maxillary incisor from a woodrat subjected to an experimentally induced water-switch during the period of
tooth development, and demonstrate that secondary ion mass spectrometry (SIMS) can be used to obtain d18O values with
4–5-lm spots from mammalian tooth enamel. We also demonstrate that SIMS can be used to discretely sample the innermost
enamel layer, which is too narrow for conventional microdrilling or laser ablation. An abrupt d18O switch of 16.0& was
captured in breath CO2, a proxy for body water, while a laser ablation enamel surface intra-tooth profile of the left incisor
captured a d18O range of 12.1&. The innermost enamel profile captured a d18O range of 15.7&, which approaches the full
magnitude of d18O variation in the input signal. This approach will likely be most beneficial in taxa such as large mammalian
herbivores, whose teeth are characterized by less rapid mineralization and therefore greater attenuation of the enamel isotope
signal.
! 2013 Elsevier Ltd. All rights reserved.
1. INTRODUCTION
Stable isotope analysis of mammalian calcified tissues is
commonly used in geological, biological, and archaeological
research, and is a powerful geochemical tool for reconstruct-
ing short-term variability in the diets and environments of
modern and fossil animals. Stable isotope ratios of carbon
(d13C) are related to the animal’s food source
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(DeNiro and Epstein, 1978; Cerling and Harris, 1999). Sta-
ble isotope ratios of oxygen (d18O) are related to available
water, mediated by physiology and drinking behavior, as
body water is a function of meteoric water ingested directly
by drinking and indirectly through water in food and in-
spired air (Longinelli, 1984; Luz et al., 1984; Bryant and
Froelich, 1995; Kohn et al., 1996; Podlesak et al., 2008). Iso-
tope time-series within the lifetimes of individual animals
can be recovered from incrementally growing tissues that
do not remodel after formation, such as dental tissues. In-
tra-tooth microsampling was first demonstrated using den-
tine (Koch et al., 1989), which preserves a high resolution
record of isotopic variability (Zazzo et al., 2006; Kirsanow
et al., 2008; Codron et al., 2012). However, tooth enamel
is more resistant to diagenetic alteration than is dentine;
therefore it is more reliable for paleobiological and paleo-
ecological applications (Ayliffe et al., 1994; Koch et al.,
1997; Zazzo et al., 2004). Variability in enamel isotope val-
ues within a tooth row (Bryant et al., 1996a; Fricke and
O’Neil, 1996) and within a single tooth (Fricke and O’Neil,
1996; Kohn et al., 1998; Sharp and Cerling, 1998) record a
chronological record of dietary and environmental input
throughout the period of enamel formation, which among
mammals ranges from weeks to years (Balasse, 2002; Kohn,
2004). Following this approach, intra-tooth variability in
enamel d13C and d18O values from modern and fossil ani-
mals has been used to address a wide range of problems
requiring intra-annual time resolution, including seasonality
of animal diet (Balasse, 2002; Fox and Fisher, 2004; Zazzo
et al., 2010; Metcalfe and Longstaffe, 2012), migration
(Britton et al., 2009; Julien et al., 2012), and birth (Balasse
et al., 2003, 2011; Chritz et al., 2009; Frémondeau et al.,
2012), as well as climate seasonality (Fricke et al., 1998;
Kohn et al., 1998, 2002; Sharp and Cerling, 1998; Fox and
Fisher, 2001; Nelson, 2005; Bernard et al., 2009; Higgins
and Macfadden, 2009; Stevens et al., 2011; Brookman and
Ambrose, 2012; Hallin et al., 2012) and movement patterns
of prehistoric human populations (Balasse et al., 2002).
Tooth enamel is a calcium phosphate bioapatite approx-
imating hydroxyapatite Ca10(PO4)6(OH)2 (Elliott, 2002).
Structural carbonate (CO3) groups are present as a substi-
tute for the phosphate (ca. 90%) and hydroxyl groups (ca.
10%) (LeGeros et al., 1969; Elliott et al., 1985; Shi et al.,
2005). Mature enamel is highly mineralized, approximately
95–98% by weight, with the remaining components com-
posed of organic matter and water (Glick, 1979; Elliott,
1997; Smith, 1998). Total water content includes the sum
of H2O in the organic phase, evolved at low temperatures
(approximately 110 !C), and constitutional H2O of the apa-
tite phase, which is stable to approximately 1400 !C (Elliott,
1997). Oxygen in enamel bioapatite is present in the PO4,
CO3, and OH
!groups, with oxygen contents of 35%,
3.3%, and 1.6%, respectively (Cerling and Sharp, 1996).
Each component of tooth enamel with oxygen has a differ-
ent fractionation from body water. Enamel phosphate and
carbonate precipitate in equilibrium with each other, with
a fractionation of approximately 9& between oxygen in
PO4 (depleted) and CO3 (enriched) (Bryant et al., 1996a,b;
Cerling and Sharp, 1996; Iacumin et al., 1996; Pellegrini
et al., 2011). The d18O fractionation between OH! and
PO4 has been estimated indirectly to be !16.6& (Jones
et al., 1999). Therefore, analyses of different reservoirs of
oxygen in tooth enamel are expected to provide different
d18O values, with total oxygen in situ analysis representing
bulk enamel assuming complete mixing. The value for 18e*-
bulk-carbonate is predicted to range between !8& and !9&,
assuming some variability in CO3 content and more positive
actual fractionation between OH! and PO4 (Passey and
Cerling, 2006). The more positive measured enrichment val-
ues for modern enamel that range between !5.3& and
!7.6& may reflect incomplete mixing of oxygen-bearing
phases during in situ laser ablation and a bias towards oxy-
gen in CO3 (Passey and Cerling, 2006; Podlesak et al., 2008).
Enamel development (amelogenesis) is a multi-stage
process that starts with the deposition of an organic-rich
primary matrix and the appearance of incremental growth
features, which is followed by a prolonged period of matu-
ration associated with widening and thickening of bioapa-
tite crystals, the progressive removal of proteins and pore
fluid, and increasing mineralization (Allan, 1967; Suga
et al., 1970; Sakae and Hirai, 1982; Suga, 1982, 1983; Rob-
inson et al., 1995; Moss-Salentijn et al., 1997). Mineraliza-
tion is a spatially diffuse process, with multiple maturation
fronts following trajectories throughout the enamel layer
that do not all align with the incremental growth lines (Al-
lan, 1967; Suga, 1979, 1982; Tafforeau et al., 2007). There-
fore, these lines are a poor guide for understanding isotope
incorporation that occurs during the enamel maturation
stage and causes significant signal attenuation in intra-
tooth isotope profiles (Fisher and Fox, 1998; Passey and
Cerling, 2002; Balasse, 2003; Hoppe et al., 2004). Conven-
tionally, enamel has been sampled sequentially with a drill
or laser perpendicular to the growth axis. Typically sam-
pling extends partially or entirely through the thickness of
enamel, which introduces additional time-averaging by
integrating enamel from distinct appositional growth and
mineralization intervals (Passey and Cerling, 2002; Balasse,
2003; Hoppe et al., 2004; Zazzo et al., 2005). Therefore,
individual intra-tooth samples do not represent discrete
intervals of time, and establishing a precise chronology is
often difficult. Blurred intra-tooth isotope profiles are char-
acterized by the loss of both signal amplitude and structure,
such that sinusoidal and non-sinusoidal signals may be
indistinguishable, or at least significantly modified.
A forward model has been developed describing isotope
signal time-averaging in enamel intra-tooth profiles (Passey
and Cerling, 2002). Model parameters (Fig. 1) include ini-
tial mineral content of deposited enamel (fi), increase in en-
amel thickness over constant length of apposition (la)
(corresponding to the matrix deposition stage of amelogen-
esis), linear increase in mineralization over constant length
of maturation (corresponding to the maturation stage of
amelogenesis) (lm), and a constant growth rate such that
length along the tooth also reflects time. The model for sig-
nal attenuation during amelogenesis can be expressed math-
ematically as:
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where dei is the isotope value of fully mineralized enamel at
position i, oriented parallel to the appositional surface, and
dmi is the initial isotope value. This is summed with the
average isotope values of the input signal over length lm
weighted according to the remaining mineralization. Addi-
tional time-averaging occurs when sampling through the
thickness of enamel (h), which integrates enamel from mul-
tiple appositional layers. A column of enamel (ic), whose
thickness corresponds with volume i, drilled perpendicular








where dci is the isotope value for each column. Finally,
attenuation due to varying sample pit length (ls) that does
not extend through the entire thickness of enamel can be







This forward model was originally developed for
continuously-growing teeth, such as hippopotamus canines
or rodent incisors, but it has been used to describe time-
averaging in teeth with definite growth as well (Zazzo
et al., 2005, 2010, 2012). However, measurements of both
continuously and non-continuously growing teeth with
known inputs show some deviations from the model,
suggesting that assumptions of linear tooth growth and
mineralization may represent an oversimplification
(Podlesak et al., 2008; Zazzo et al., 2010, 2012). A mathe-
matical inverse model has also been developed, which can
be used to reconstruct input signals from attenuated
intra-tooth isotope profiles (Passey et al., 2005). While
tooth growth rates can be estimated in fossil animals using
histological analysis of incremental features and intra-tooth
isotope measurements, it is not possible to directly measure
mineralization patterns in fossil tooth germs due to diage-
netic re-mineralization of immature enamel (Tafforeau
et al., 2007; Metcalfe and Longstaffe, 2012). Therefore,
inverse models are difficult to extend to fossil taxa whose
maturation parameters are not fully known.
Modifying the sampling strategy can reduce signal atten-
uation in measured intra-tooth profiles. Decreasing surface
enamel sample spot size beyond the capacity of conventional
drilling (typically several mm3 of enamel) is not expected to
improve signal resolution, as individual intra-tooth samples
always represent isotope input blurred over the period of en-
amel maturation regardless of sample volume (Passey and
Cerling, 2002; Balasse, 2003). Modifying the direction and
placement of sampling to account for the spatial pattern of
enamel growth represents a more effective strategy. To ac-
count for the geometry of matrix deposition, sampling can
follow the incremental growth features on the enamel sur-
face or in cross section, oblique to the growth axis (i.e. par-
allel to the forming front of matrix deposition). While this
may reduce attenuation from sampling by preventing inte-
gration across different appositional growth layers, attenua-
tion from amelogenesis is unaltered (Passey and Cerling,
2002; Zazzo et al., 2005). Sampling strategies that account
for the geometry of mineralization, and target specific enam-
el regions characterized by high initial mineralization or
more rapid maturation, represent a more promising ap-
proach (Passey and Cerling, 2002; Balasse, 2003; Zazzo
et al., 2005, 2012; Tafforeau et al., 2007).
The innermost layer is a zone of aprismatic enamel
extending <20 lm from the enamel–dentine junction
(EDJ) (Allan, 1967; Suga, 1979, 1982, 1983, 1989; Tafforeau
et al., 2007). Previous studies suggest that the innermost
layer is more highly mineralized than other enamel layers
when the maturation stage begins (Allan, 1959; Glick,
1979; Suga, 1979, 1982, 1983, 1989; Tafforeau et al.,
2007); therefore, the innermost layer may retain an isotope
signal that is less attenuated than in other layers and more
closely follows the chronology of incremental features. In-
ner enamel can be sampled by microdrilling, and applica-
tions of this approach on steers fed an experimentally
controlled diet (Zazzo et al., 2005) and a fossil Columbian
mammoth (Metcalfe and Longstaffe, 2012) succeeded in
recovering less attenuated intra-tooth isotope time-series.
However, the effective spatial resolution of existing stable
isotope microsampling methods, including micromilling
(ca. 25–100 lm) (Zazzo et al., 2005) as well as laser ablation
(ca. 100–200 lm) (Passey and Cerling, 2006) or earlier
SIMS analysis (ca. 25 lm) (Aubert et al., 2012), is insuffi-
cient to discretely sample the innermost layer. Recent devel-
opments in secondary ion mass spectrometry (SIMS) allow
in situ d18O measurements with approximately 4–5 lm
beam spot size and an analytical precision of typically
<1.0& (spot-to-spot) (Kita et al., 2009, 2011). These spots
are small enough to allow in situ d18O measurements within






direction of tooth growth







Fig. 1. Schematic diagram of enamel maturation parameters. The length of apposition la is the length over which the highly organic initial
matrix is deposited, or the distance from where the appositional layer contacts the enamel-dentine junction to where it contacts the outer
surface; the length of maturation lm is the length over which enamel mineralizes; h is the thickness of the enamel layer. Small circles represent
schematic SIMS sample spots. Modified from Zazzo et al. (2012).
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with adjacent layers. As with the in situ laser ablation tech-
nique, SIMS cannot discriminate between the oxygen in
PO4 (91.5%), CO3 (5.6%), and OH
! (2.9%) of tooth enamel
bioapatite (Passey and Cerling, 2006; Aubert et al., 2012).
Therefore, in situ d18O analysis of tooth enamel with SIMS
should reflect bulk-mineral composition.
The aims of this study are to estimate the pattern of min-
eralization within the innermost layer of mammalian tooth
enamel, validate the use of SIMS for in situ d18O analysis of
tooth enamel, and evaluate the potential of in situ d18O
measurements by SIMS within the innermost enamel layer.
We use SIMS to analyze incisor enamel from a woodrat
(Neotoma cinera) (Fig. 2) included in a water-switch exper-
iment (Podlesak et al., 2008). Rodent incisors have been
used widely in studies of enamel development because they
are continuously growing, and therefore contain all stages
of enamel formation within individual specimens (Allan,
1967; Hiller et al., 1975; Glick, 1979; Suga, 1979; Smith,
1998). Rodent teeth form rapidly compared to other mam-
mals, and a growth rate of 0.7 mm/day was estimated indi-
rectly for this specimen based on best fit between predicted
and observed data using the forward model described
above (Podlesak et al., 2008). A number of techniques are
available for assessing the geometry and rate of enamel
mineralization, including microradiography (Hoppe et al.,
2004), conventional and synchrotron X-ray microtomogra-
phy (lCT) (Wong et al., 2000; Tafforeau et al., 2007), phos-
phorus concentration (Hiller et al., 1975; Lundgren et al.,
1998; Passey and Cerling, 2002), and backscattered electron
imaging in the scanning electron microscope (BSE-SEM)
(Boyde and Jones, 1983; Gomez and Boyde, 1994; Bloe-
baum et al., 1997). We use BSE-SEM imaging, which pro-
vides sufficient image resolution to identify innermost
enamel, to examine the pattern of enamel maturation
throughout the enamel layer in the woodrat incisor as well
as developing teeth from two wild ungulates, including a
horse (Equus ferus przewalskii) molar from Mongolia and
a hippopotamus (Hippopotamus amphibius) canine from
Arabuko-Sokoke National Park, Kenya. In a previously re-
ported study including the woodrat individual, a shift of
16.0& for d18O was measured during the water-switch in
the breath CO2, a proxy for body water that represents
the input signal for enamel oxygen (Podlesak et al., 2008).
We combine this natural label with measurements of enam-
el mineralization to test predictions of the forward model
and to evaluate alternative sampling strategies with a
comparison between intra-tooth SIMS d18O profiles from
discrete enamel layers within the right incisor and an
intra-tooth d18O profile from the enamel surface generated
previously by laser ablation of the left incisor (Podlesak
et al., 2008).
2. MATERIALS AND METHODS
2.1. Sample preparation and imaging
The right woodrat maxillary incisor was derived from a
previously described water-switch experiment using
18O-labeled water (individual #21 in Podlesak et al.,
2008). The animal was housed at the University of Utah’s
animal facilities after being trapped in Summit County,
Utah. The animal’s water source was switched from
15.0 ± 0.2& to !16.1 ± 0.2& while diet food was held con-
stant. The switch occurred after 127 days of drinking the
enriched drinking water. The animal was sacrificed 27 days
after drinking depleted water, and the incisors were subse-
quently extracted. Breath samples were collected during
the experiment for isotope analysis of d18O in CO2 by
injecting the sample into a gas chromatography column
attached to a Finnigan MAT 252 mass spectrometer.
Values of d18O of mature enamel from the left incisor have
been previously analyzed using a CO2 laser and conven-
tional H3PO4 methods. Additional details of these
procedures are available elsewhere (Podlesak et al., 2008).
The right upper woodrat incisor was embedded in the
center of a 25 mm round epoxy-mount along with grains
of UWA-1 fluorapatite standard (Fig. 2). To minimize
instrumental bias associated with sample position the tooth
and standard grains were placed within 5 mm of the center
of the mount (Kita et al., 2009). After polishing, surface
topography was assessed at a submicron scale with a Phase-
View! optical profilometer (Palaiseau, France). Due to the
presence of large cracks (>200 lm), additional epoxy
impregnation and polishing were required. This was neces-
sary because sample topography deforms ion trajectories
and significantly impacts the precision and accuracy of oxy-
gen isotope measurements with SIMS and must be reduced
to a few lm (Kita et al., 2009). After final polishing and
gold coating, the surface topography was again assessed
at a submicron scale with a Zygo optical profilometer (Mid-
dlefield, Connecticut). After ion microprobe analysis, sam-
ple spots were examined using a FEI Nova NanoSEM!
(Hillsboro, Oregon) at 4 kV 0.23 nA, and a 5.1–5.2 mm
working distance.
Fig. 2. BSE-SEM image of woodrat incisor. Inset: immature
enamel. The innermost enamel layer is visible as the whiter line
adjacent to dentine.
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For analysis of tooth growth and mineralization, speci-
mens were imaged embedded in epoxy and uncoated in var-
iable pressure mode (50 Pa) using a Zeiss EVO-50!
(Thornwood, New York) scanning electron microscope in
BSE-SEM imaging mode at 15 kV, 600 pA, and 8.5-mm
working distance. The woodrat specimen was imaged with
the fluorapatite standard, while the ungulate specimens
were imaged with two standards, including 99% pure alumi-
num (Al) with a mineral density similar to mature enamel
and an iodinated methacrylate standard (C22H25O10I) with
a mineral density between dentine and enamel (Boyde et al.,
1995; Howell et al., 1998). Image montages were acquired
automatically using Zeiss SmartStich! software. ImageJ
(NIH) was used to measure enamel thickness in immature
enamel. The length of apposition la is defined as the length
over which enamel reaches its maximum thickness, which
corresponds to the interval of matrix deposition. The inten-
sity (gray level) of individual pixels of BSE-SEM images of
hard tissues is related to the number of measured backscat-
tered electrons, which is proportional to the mean atomic
number of the material and to weight percent mineral
(Bloebaum et al., 1997).
ImageJ was used to measure gray levels of enamel tran-
sects parallel to the axis of growth through the innermost,
inner, middle, and outer enamel layers (Fig. 2). Gray levels
range from 0 for black (no mineral) and 255 for white (most
mineral), and these transects were used to assess the pattern
of mineralization after the completion of matrix deposition.
The maturation length lm is defined as the length over which
the outer enamel layer, the last to fully mature, reaches final
mineralization. Gray levels were also measured of mature
enamel and mature dentine at the incisal, or coronal, end
of the tooth to determine mineralization levels of each den-
tal tissue at full maturity. For the woodrat specimen, the flu-
orapatite standard was used to estimate proportional
mineralization from gray level measurements, with a gray le-
vel of 252 corresponding with 100% mineral and a gray level
of 0 (epoxy) representing 0% mineral. The breath CO2 input
signal and these maturation parameters were used to predict
intra-tooth enamel d18O values within discrete maturation
layers with the forward model. For ungulate specimens,
the Al standard was used to estimate mineralization from
gray levels. Gray levels of 222 and 252 correspond with
99% mineral in the horse and hippopotamus image, respec-
tively, and gray level of 0 (epoxy) represents 0% mineral.
The width of the innermost enamel layer was determined
by measuring the width of the zone of high gray values at
regular intervals (woodrat, 100 lm; horse, 500 lm; hippo-
potamus, 1000 lm) over the length of maturation. The
identification of non-innermost enamel layers follows previ-
ous descriptions of rodent and ungulate tooth enamel. Ro-
dent incisor enamel is divided into two primary groups,
containing decussating enamel (Portio Interna, PI) and ra-
dial enamel (Portio Externa, PE) (Boyde, 1978; Martin,
1997). Decussating enamel in Myomorph incisors is identi-
fied as the portion of enamel with alternating one-prism-
thick (uniserial) zones, which relate to periodic variation
in prism orientation and have a sigmoid curvature (Boyde,
1978; Hilson, 2005). These are called Hunter-Schreger
Bands when appearing as an optical phenomenon in
polarizing microscopy of thin sections. Therefore, for the
woodrat specimen the inner layer corresponds to the inner
portion of the PI with bands angled approximately 45" rel-
ative to the EDJ and which in immature enamel can appear
as oval prisms embedded in inter-prismatic enamel (Fig. 2).
The middle layer corresponds with the outer portion of the
PI with bands angled approximately 90" from the EDJ. The
outer layer corresponds with the PE, which lacks decussat-
ing enamel. These layers have previously been characterized
as following distinct maturation patterns (Suga, 1979). In
the ungulate specimens, the outer layer corresponds to a
previously described zone adjacent to the enamel surface
that mineralizes slowly, and is less mineralized than the
middle layer until the end of maturation (Suga, 1983).
The width of the outer layer was determined by measuring
the width of this zone of low gray values at regular intervals
(horse, 500 lm; hippopotamus, 1000 lm) over the length of
maturation. The inner and middle layers correspond to
equal portions of the remaining enamel between the inner-
most and outer layers.
2.2. Secondary ion mass spectrometry (SIMS)
Oxygen isotope analyses were performed with a Ametek
Cameca IMS-1280 (Paris, France) high resolution, multi-
collector ion microprobe at the WiscSIMS lab, University
of Wisconsin–Madison using a 133Cs+ primary ion beam
with an intensity of 35–40 pA, focused to approximately
4–5-lm beam-spot size (Kita et al., 2009, 2011; Valley
and Kita, 2009). Sample spots were placed within mature
enamel along the axis of growth moving from the incisal
(older) to apical (newer) enamel within the innermost, in-
ner, and middle/outer enamel layers (Fig. 3). The innermost
layer was identified visually during the analytical session as
a thin, aprismatic layer adjacent to the EDJ. Analytical
conditions were comparable to those previously reported
for work at WiscSIMS (Kozdon et al., 2009). The second-
ary O! ions were detected simultaneously by a Faraday









Fig. 3. SEM image of enamel, with sample spot within the
innermost enamel layer. Enamel decussation, which relates to
variation in prism orientation, is visible as alternating dark and
light bands.
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rates for 16O! were 3.5 to 4.2 " 107 cps. The total analytical
time per spot was about 7 min including pre-sputtering
(2 min), automatic centering of the secondary ion image
in the field aperture (ca. 2 min) and analysis (ca. 3 min).
Grains of UWA-1 were mounted with random orientations
in the center of the sample and were measured in at least
four spots before and after every 9–12 sample analyses.
The resulting average value bracketing the samples was
used for instrumental drift correction. Reproducibility of
the individual spot analyses of UWA-1 standard (bracket-
ing samples) is assigned as analytical precision of unknown
samples, with a mean of 0.80& varying from 0.56& to
1.3& (±2 SD). After analysis at WiscSIMS, analysis pits
were examined with SEM to ensure each pit does not over-
lap with dentine, surface discontinuities, or epoxy resin, as
the isotope measurements from such pits would be consid-
ered compromised. The distance from the EDJ to the near-
est edge of in situ SIMS analysis pits was measured to assign
each pit to innermost, inner, middle/outer enamel layers.
The residual sum of squares, or sum of squared errors of
prediction (SSE), is used to calculate discrepancy between
measured isotope data and forward model predictions.
3. RESULTS
3.1. Tooth growth and mineralization
3.1.1. Woodrat
Enamel thickness h increases to a maximum of 110 lm
over 2.8 mm, which corresponds to the length of apposition
la (Fig. 4). Given a growth rate of 0.7 mm/day, the rate of
growth in thickness can be estimated as 39 lm/day. There-
fore, at a given point along the length of the tooth, enamel
at the surface represents matrix deposited 4 days later than
enamel along the EDJ. Enamel thickness increases in a non-
linear pattern with alternating rapid and slow growth over
mean intervals of 0.2 and 0.5 mm, respectively (Fig. 4). At
the beginning of maturation, at maximum width, the width
of the inner, middle, and outer layers is approximately 25,
55, and 24 lm, respectively. The width of the innermost en-
amel layer is 6 lm and does not decrease throughout mat-
uration. Total enamel thickness decreases to
approximately 90 lm in fully mature enamel (Fig. 4). The
width of inner, middle, and outer layers in mature enamel
is approximately 14, 50, and 20 lm, respectively.
Gray levels of the innermost enamel layer are high at the
initiation of the maturation stage, quickly increasing be-
yond the level of mature dentine (Fig. 5). The other layers
begin at low gray levels, but in the inner and middle layers
gray levels increase rapidly and surpass mature dentine by
approximately 2 mm along the maturation stage. Gray lev-
els of the outer layer increase beyond mature dentine at
approximately 2.5 mm, remain lower than other layers for
the majority of maturation, and is the last layer to fully ma-
ture. The final gray level values for each layer were similar.
The maturation length lm for the entire layer of enamel is
5 mm, while the maturation length lm of only the innermost
layer is 2.8 mm (Fig. 5). The total time from initial matrix
formation for enamel to reach full maturity is estimated
at 11.1 days.
Fully mineralized enamel has a mean gray level of 239
(on a scale of 0–255) and fully mineralized dentine has a
mean gray level of 183. Comparison to the fluorapatite
standard representing 100% mineral provides mineraliza-
tion estimates of 95% and 73% for mature enamel and den-
tine, respectively (Fig. 5). These values provide a baseline
for estimating mineralization from gray levels of immature
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Fig. 4. Enamel thickness measurements from the beginning of
matrix deposition through the maturation stage. (A) Enamel
thickness measurements of the woodrat tooth. Measurements are
in 100 lm increments from 1 to 4 mm and 500 lm increments from
4 to 8 mm. (B) Enamel thickness measurements of the horse tooth.
Measurements are in 500 lm increments. Arrow indicates that
maturation extends in length beyond the limits of the specimen (C)
Enamel thickness measurements of the hippopotamus tooth.
Measurements are in 1000 lm increments. Arrow indicates that
maturation extends in length beyond the limits of the specimen.
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enamel. Mineralization for the innermost enamel layer be-
gins at 48%, while the inner, middle, and outer layers begin
at 17%, 19% and 11%, respectively (Fig. 5). The mineraliza-
tion of all enamel except the innermost enamel layer
weighted by width contribution is 17%. The forward model
parameter fi (initial mineral content) is proportional to fully
mineralized enamel (95%), and is 51% for innermost enamel
and 18% for non-innermost enamel.
3.1.2. Horse
Enamel thickness h increases to 469 lm over 6 mm,
which corresponds to the length of apposition la. The width
of the innermost and outer enamel layers is 12 and 14 lm,
which does not change throughout maturation. At the
beginning of maturation, the width of the inner and middle
layers is 68 lm. The width of the inner and middle layers in
mature enamel is 237 lm. Enamel thickness varies between
314 and 490 lm throughout the maturation stage (Fig. 4).
Gray levels of the innermost enamel layer are high early
in the maturation stage, and quickly increase beyond the le-
vel of mature dentine (Fig. 5). The other layers begin at low
gray levels and exhibit a delay between the onset of matu-
ration and an increase in mineralization. The maturation
length lm of the innermost, inner, and middle layers is
28 mm. The mineralization of the outer layer increases
more gradually, and does not reach final maturity within
the length of enamel present in this specimen; therefore,
the length of maturation for the entire layer of enamel can-
not be estimated for this specimen.
Mature enamel, without the immature outer layer, has a
mean gray level of 221 and mature dentine has a mean gray
level of 132. Comparison to the Al standard representing
99% mineral provides mineralization estimates of 98%
and 59% for mature enamel and dentine, respectively
(Fig. 5). Mineralization for the innermost enamel layer be-
gins at 46%, while the inner, middle, and outer layers begin
at 26%, 19% and 13%, respectively (Fig. 5). The initial min-
eralization of all enamel except the innermost enamel layer
weighted by width contribution is 22%. The initial mineral
content fi, proportional to mature enamel is 47%, 27%, 19%
and 13% for the innermost, inner, middle, and outer layers,
respectively. The initial mineral content fi is 22% for all en-
amel except the innermost enamel layer, weighted by width
contribution.
3.1.3. Hippopotamus
Enamel thickness h increases to a maximum of 828 lm
over 24.0 mm, which corresponds to the length of apposi-
tion la. The width of the innermost and outer enamel layers
is 15 and 14 lm, which does not change throughout matura-
tion. At the beginning of maturation, the width of the inner
and middle layers is 399.5 lm. Total enamel thickness re-
mains relatively stable across the remaining length of the
tooth fragment, varying between 744 and 862 lm (Fig. 4).
Gray levels of the innermost enamel layer are higher
than other layers early in the maturation stage (Fig. 5).
Gray levels of the inner layer increases beyond the inner-
most layer at approximately 25 mm, while gray levels from
the middle and outer layers remain lower than both the
innermost and inner layers. The mineralization of the outer
layer increases slowly and remains <50% along the full
length of this specimen. The full maturation stage is not
represented, and no enamel layer reaches maturity; there-
fore, gray levels for mature enamel and dentine and the





















































































A. Neotoma cinera, incisor



















C. Hippopotamus amphibius, canine
Fig. 5. BSE-SEM gray level transects through the length of
maturation of the innermost, inner, middle, and outer enamel
layers for the woodrat (A), horse (B), and hippopotamus (C). Gray
levels are recorded every 1.5 lm in (A), and every 0.9793 lm in (B)
and (C). Fifty-lm moving averages in (A) and 100-lm moving
averages in (B) and (C) are used to smooth variability reflecting
enamel immaturity as well as small cracks and other surface
discontinuities introduced by repeated grinding and polishing
procedures.
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length of maturation lm cannot be estimated. Comparison
to the Al standard representing 99% mineral provides min-
eralization estimates of 39% for the innermost enamel layer,
and 27%, 19%, and 11% for inner, middle, and outer layers,
respectively, at the beginning of the maturation stage.
3.2. Oxygen isotopes
For comparison with tooth enamel d18O values, breath
CO2 d
18O values are converted to equivalent laser enamel
values with known isotopic spacing first between breath
and conventional H3PO4 enamel analysis e*enamel-breath
and second between conventional and laser ablation enamel
analysis e*laser-conv. Time (h) of breath samples is converted
to equivalent length (mm) using the previously reported en-
amel growth rate for this individual (Podlesak et al., 2008).
While breath and laser d18O values are reported relative to
VSMOW, the fluorapatite standard UWA-1 is not yet cal-
ibrated relative to this international standard. SIMS values
require correction for instrumental mass fractionation
based on a calibrated standard that is similar in mineralogy
and composition. The raw SIMS values have been adjusted
by adding 2.7& to each analysis, which brings the SIMS
d18O values into approximate agreement with laser ablation
analyses in the pre-switch region of the tooth (<0.1 cm for
SIMS and <0.3 cm for laser). This is a reasonable value for
instrumental bias of oxygen isotope ratios measured with
the procedures of this study (Valley and Kita, 2009). The in-
tra-tooth d18O profile within the innermost enamel layer
represents analysis pits at distances of 0.4–2.8 lm
(mean = 1.9) from the EDJ, where all or a majority of en-
amel within each spot was derived from the innermost en-
amel layer (Fig. 6). The inner enamel profile represents
analysis pits 3.1–9.6 lm (mean = 4.3) from the EDJ, where
all or a majority of enamel within each spot was derived
from outside the innermost layer. The middle/outer enamel
layer profile represents analysis pits 58–76 lm (mean = 66)
from the EDJ, clustered near the boundary between these
layers. Laser ablation d18O values were obtained by sam-
pling the enamel surface with pits that extend partially
through the enamel layer, and represents the middle/outer
enamel layers.
The enamel of contralateral rodent incisors reach full
mineralization at different lengths from the apex (Wong
et al., 2000); therefore, the locations of in situ d18O SIMS
analyses on the right incisor must be adjusted for compar-
ison with in situ d18O laser ablation analyses on the left inci-
sor. Additionally, because enamel near the surface is
deposited later than enamel near the EDJ, an additional
adjustment is needed to compare d18O profiles from differ-
ent enamel layers. The alignment between laser and breath
CO2 d
18O values is unchanged from previously reported
values (Podlesak et al., 2008). To account for differences
in growth between the left and right incisors, SIMS d18O
values analyses were aligned with laser d18O values by add-
ing 0.11 cm to the distance from incisal end of all SIMS val-
ues, which represents the difference in distance from incisial
tip to immature enamel. The middle/outer SIMS profile is
within the same appositional layers as integrated by laser
spots, but inner and innermost SIMS profiles were shifted
by an additional 0.14 mm (50% of apposition length) to ac-
count for their position near the EDJ. In situ SIMS d18O
values are summarized in Fig. 7, and reported in Fig. A.1
and Table A.1 in the Appendix.
The innermost enamel forward model reflects the dis-
tinct maturation parameters in that layer, while the inner
and middle/outer forward models are the same since the
maturation parameters outside the innermost layer are sim-
ilar. The forward model used to predict SIMS intra-tooth
profiles is computed using Eq. (1) and accounts only for
attenuation during amelogenesis, as analysis pits are small
enough to negate significant integration of multiple apposi-
tional layers. As previously reported, the forward model
used to predict the laser ablation intra-tooth profile is com-
puted using Eqs. (1), (2), and (3) and reflects attenuation
during amelogenesis as well as sampling, as laser pits extend
partially through the enamel layer and integrate multiple
apposition layers (Podlesak et al., 2008). In situ d18O pro-
files of the innermost, inner, and middle/outer enamel lay-
ers were generated with SIMS. The middle/outer profile
extends over a shorter length of enamel than the other pro-
files, and may have included a greater range in d18O values
if extended over greater length. Despite this discrepancy,
due to limited analytical time, there is a minor increase in
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Fig. 6. (A) Distance measurements from the enamel-dentine junction (EDJ) to the nearest edge of in situ SIMS analysis pits within the
innermost (closed circles), inner (open circles) and middle/outer (gray circles) enamel layers. (B) Measurements within only the inner (open
circles) and innermost layers (closed circles).
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the range in d18O values at precision ±0.8& (2SD) from the
middle/outer enamel (13.1&) and inner enamel (13.5&) in-
tra-tooth profiles generated with SIMS compared to laser
ablation of middle/outer enamel (12.1&). However, only
in the innermost enamel profile (15.7&) does the range in
d18O values match breath CO2 (16.0&).
The forward model used to predict the laser ablation in-
tra-tooth middle/outer enamel profile provides a better fit
(SSE = 18.4) than the model used to predict middle/outer
enamel SIMS profile (SSE = 26.4). The forward model used
to predict the innermost enamel profile generated with
SIMS, using innermost enamel maturation parameters, pro-
vides a better fit (SSE = 46.9) than the model using non-
innermost enamel maturation parameters (SSE = 86.7).
The forward model used to predict the middle/outer enamel
profile generated with SIMS, using non-innermost enamel
maturation parameters, provides a better fit (SSE = 8.3)
than the model using innermost enamel maturation param-
eters. The forward model using innermost enamel matura-
tion parameters provides a better fit (SSE = 63.7) to the
inner enamel profile generated with SIMS than the forward
model using non-innermost maturation parameters
(SSE = 76.4).
4. DISCUSSION
4.1. In situ oxygen isotope microsampling of enamel
Our results demonstrate that in situ SIMS analysis can
be used for stable isotope microsampling of mammalian en-
amel with sample spots <10 lm. We used this technique to
generate high-resolution intra-tooth d18O profiles within
discrete layers of rodent incisor enamel, which record the
d18O shift associated with the water switch and closely
resemble forward model predictions (Fig. 7). In situ d18O
values sampled with SIMS and laser ablation within mid-
dle/outer enamel reflect more gradual equilibration with
switched water values, as predicted by the forward model.
In situ d18O values sampled with SIMS within the inner
enamel layer more closely reflect the forward model using
0.0 0.5 1.0 1.5 2.0
In situ SIMS δ18O (right incisor)
In situ laser ablation δ18O (left incisor) 
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Fig. 7. Laser ablation (open circles) and SIMS (closed circles, ±2SD) in situ d18O values. Incisal end is opposite the root and represents the
most mature enamel, with tooth growth to the right. For SIMS profiles, distances from incisal end that are displayed on the X-axis are
corrected values, as explained in Section 3.2. Forward model using maturation parameters associated with either innermost or non-innermost
enamel (gray line), and breath CO2 input signal (dashed line). (A) middle/outer enamel; (B) innermost enamel; (C) middle/outer enamel; (D)
inner enamel. SIMS data resemble forward model predictions, and the innermost layer records the most negative d18O values between 1.0 and
1.5 cm.
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innermost, rather than non-innermost, enamel maturation
parameters. This may reflect the more gradual mineraliza-
tion of the outer layer (Fig. 5), which is incorporated in
the estimation of non-innermost enamel maturation param-
eters. Isotope profiles obtained from the inner and middle/
outer enamel layers with SIMS are moderately less attenu-
ated in amplitude than laser ablation, reflected as an in-
crease in range, but still fail to approach the predicted
signal amplitude of breath CO2 within the sampled interval
of enamel. These discrepancies between predicted and mea-
sured d18O values suggest that the forward model may inac-
curately estimate the rate and magnitude of isotopic
change, which is consistent with previous observations in
a comparison between breath CO2 and laser ablation inci-
sor enamel profiles from 5 additional woodrat individuals
subjected to the same experimentally induced water-switch
(Podlesak et al., 2008). The predicted and measured inner-
most enamel d18O values closely follow the input signal and
matches the full amplitude of breath CO2. This suggests
that less attenuated isotope time-series can be recovered
from the innermost enamel layer, and is consistent with
the expectation that increased initial mineralization of this
layer reduces signal attenuation from maturation (Zazzo
et al., 2005; Tafforeau et al., 2007). Our observations also
demonstrate that decreasing sample spot size beyond con-
ventional sampling, when sampling outside the innermost
enamel layer, may effectively remove attenuation from sam-
pling but minimally reduce overall signal time-average due
to amelogenesis.
The similarity between in situ laser ablation and SIMS
d18O values from the pre-switch region of enamel suggests
that SIMS represents bulk mineral composition. The d18O
offset of 2.7& between SIMS (depleted) and laser ablation
(enriched) is consistent with incomplete mixing of oxygen-
bearing phases of tooth enamel during in situ laser ablation
and a bias towards oxygen in CO3, which is the
18O-en-
riched phase (Passey and Cerling, 2006). Additionally,
while variation in crystal orientation may decrease preci-
sion of in situ SIMS d18O analyses of some oxides (Kita
et al., 2011), our analyses of multiple grains of UWA-1 flu-
orapatite standard that are mounted with random orienta-
tions demonstrates no measurable effect at precision of
±0.8& (2SD). Finally, uncorrected in situ SIMS d18O val-
ues are shifted toward the incisal end compared to in situ
laser ablation analyses, due to differences in sample integra-
tion of enamel layers and differences in tooth growth be-
tween the left and right incisors (Fig. A.1). Future
application of in situ SIMS analysis to tooth enamel will re-
quire similar corrections when making comparisons be-
tween intra-tooth profiles recovered with different
sampling techniques or from different teeth from an
individual.
4.2. ENAMEL GROWTH AND MINERALIZATION
Our BSE-SEM results demonstrate the effectiveness of
this technique for estimating maturation parameters of
mammalian tooth enamel needed to guide stable isotope
microsampling. The narrow (<20 lm) innermost layer
with high initial mineralization can be identified in teeth
that are both continuously growing (woodrat incisor and
hippopotamus canine) and non-continuously growing
(horse molar). In the woodrat, mineral content estimates
of mature enamel and dentine match expected values,
and previously reported lengths of apposition and matura-
tion estimated with lCT data from the contralateral inci-
sor are in close agreement with those presented here
(Podlesak et al., 2008). Our measured maximum width
of the enamel layer, and the slight decline in thickness
in fully mature enamel, agrees with previous measure-
ments of developing rodent incisor enamel (Glick, 1979;
Podlesak et al., 2008), as does the multi-stage, spatially
diffuse process of enamel mineralization with previous
microradiogram (Suga, 1979), lCT (Wong et al., 2000),
and BSE-SEM (Gomez and Boyde, 1994) analyses of ro-
dent incisors. Additionally, our description of high initial
mineralization within the innermost layer accords with
previous microradiogram analyses of developing rodent
incisor enamel (Suga, 1979).
Our analyses of developing horse and hippopotamus
teeth support previously reported details of ungulate tooth
enamel formation (Suga, 1982, 1983; Tafforeau et al.,
2007). Maturation occurs over a substantial length of
tooth, and therefore time, and is not synchronous across
the entire layer of enamel. Our estimate for the total min-
eralization interval (the combined length of apposition la
and maturation lm) of 34 mm in the horse tooth agrees
with previous estimates of 30–40 mm for horse cheek
teeth, and corresponds to a period of !1 year given verti-
cal tooth growth estimates of 30–40 mm/year Sharp and
Cerling, 1998; Hoppe et al., 2004). The mineralization
interval in this hippopotamus canine has been previously
estimated at 80 mm (Passey and Cerling, 2002), which cor-
responds to a period of approximately 2–6 years given
growth rate estimates of 13–39 mm/year (Passey et al.,
2005; Souron et al., 2012). Therefore, enamel maturation
is not instantaneous and results in time-averaging of iso-
tope profiles in teeth where individual intra-tooth samples
from large mammalian herbivores integrate several
months of input (Passey and Cerling, 2002; Balasse,
2003; Hoppe et al., 2004; Zazzo et al., 2005).
4.3. IMPLICATIONS FOR ENAMEL MODELING AND
MICROSAMPLING
Assessing enamel maturation parameters in other ani-
mals is necessary to improve sampling protocols and the
application of forward and inverse models to a wider range
of taxa. The forward model can be improved by incorporat-
ing non-linear appositional growth and mineralization, par-
ticularly for non-continuously growing teeth (Zazzo et al.,
2005, 2010, 2012). The presence of this narrow layer
(<20 lm) has now been documented in ungulates (bovids,
equids, rhinocerids, hippopotamids), canids, rodents, and
primates (Suga et al., 1970, 1977; Suga, 1979, 1982, 1983,
1989; Tafforeau et al., 2007; this study), which suggests that
in situ SIMS analysis of the innermost enamel layer can be
applied to a wide range of mammalian taxa. In situ SIMS
analysis also provides a means to empirically validate mod-
el predictions for discrete appositional or maturation layers
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of the enamel, which cannot always be sampled using other
techniques. Recovering less attenuated intra-tooth isotope
variation from the innermost enamel layer will be particu-
larly useful for validating the application of inverse models
to extinct taxa, as diagenetic alteration of immature enamel
precludes the direct estimation of maturation parameters in
fossil tooth germs. However, because our experimentally
controlled sample contained only a single, directional iso-
tope switch we were unable to assess the effectiveness of
sampling the innermost enamel layer for reducing attenua-
tion of signal structure. Additionally, this approach cannot
remove sources of signal attenuation that do not stem from
enamel maturation or sampling, such as body fluid reser-
voir effects; therefore, no enamel sampling method can re-
cover a truly unaltered environmental signal (Sharp and
Cerling, 1998).
The rapid growth rate of rodent incisor enamel means
that the intra-tooth profiles are subject to less extreme sig-
nal attenuation compared to large mammalian herbivores
characterized by more slowly mineralizing enamel (Kohn,
2004). This is illustrated by the similarity between the laser
ablation enamel profile and breath CO2 in the woodrat.
Therefore, the application of this technique to ungulates
will provide greater gains in intra-tooth signal amplitude,
relative to conventional sampling techniques. Spot-to-spot
reproducibility of in situ SIMS analysis may preclude
application to animals in some non-experimental settings,
where isotopic variability is limited. However, studies of
intra-tooth sampling on modern, archaeological, and/or
fossil large mammalian herbivores demonstrate that isoto-
pic variability of >3& in d13C and d18O can be recovered
with conventional sampling techniques (Balasse 2003; Hig-
gins and MacFadden, 2009; Balasse et al., 2005; Cerling
et al., 2008; Fraser et al., 2008; Bernard et al., 2009; Hallin
et al., 2012; Metcalfe and Longstaffe, 2012; Zhang et al.,
2012). Additionally, it is possible to achieve spot-to-spot
reproducibility of 0.3& with larger spots (10 to 15 lm)
than those used here (Kita et al., 2009, 2011). This beam
spot size may be used for sampling some larger mammals,
where the innermost enamel layer extends 10–20 lm from
the EDJ (Tafforeau et al., 2007; this study).
5. CONCLUSIONS
Our findings demonstrate that in situ analysis of tooth
enamel with SIMS can resolve isotopic variability on a fine
spatial scale. We successfully identify large variation in
d18O values within a single tooth that correlates well to
measured breath CO2, and corresponds to the water-switch
experienced by this individual. This technique is especially
powerful for sampling the innermost enamel layer, which
is characterized by different maturation parameters in both
continuously and non-continuously growing mammal teeth
and can provide less time-averaged signals compared to
conventional sampling. While micron-scale analysis spots
can effectively remove signal attenuation introduced by
sampling, time averaging from mineralization remains sig-
nificant when sampling gradually mineralizing enamel out-
side the innermost layer. Rodent incisor enamel mineralizes
rapidly compared to other mammals; therefore, signal
amplitude is only moderately attenuated regardless of sam-
pling strategy. Sampling the innermost enamel layer is ex-
pected to provide greater signal gains relative to
conventional sampling when analyzing large mammalian
herbivore teeth, which are characterized by more slowly
mineralizing enamel. These teeth record environmental in-
put over greater periods of time (months to years) and rep-
resent important proxies for reconstructing seasonal-scale
dietary and environmental variation.
ACKNOWLEDGMENTS
We thank B.H. Passey for providing samples and data, Brian
Hess and Quintin Sahratian for assistance with sample preparation,
and Matt DeLong for assistance with imaging. We thank Paul
Tafforeau, Fred J. Longstaffe, and an anonymous reviewer for
providing suggestions and comments. This research was funded
by the New York Consortium of Evolutionary Primatology
NSF DGE 0333415, NSF BCS 0621542, and Sigma Xi
G20110315157181. Research support was also provided by the
2010 Max Planck Research Award to TGB, endowed by the
German Federal Ministry of Education and Research to the
Max Planck Society and the Alexander von Humboldt
Foundation in respect of the Hard Tissue Research Program in
Human Paleobiomics. WiscSIMS is partly supported by NSF
(EAR03-19230, EAR10-53466).
APPENDIX A. SUPPLEMENTARY DATA
Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/
j.gca.2013.09.032.
REFERENCES
Allan J. H. (1959) Investigations into the mineralization pattern of
human dental enamel. J. Dent. Res. 38, 1096–1107.
Allan J. H. (1967) Maturation of enamel. In Structural and
Chemical Organization of Teeth (ed. A. Miles). Academic Press,
New York, pp. 467–494.
Aubert M., Williams I. S., Boljkovac K. and Moffat I. (2012) In
situ oxygen isotope micro-analysis of faunal material and
human teeth using a SHRIMP II: a new tool for palaeo-ecology
and archaeology. J. Archaeol. Sci. 39, 3184–3194.
Ayliffe L. K., Chivas A. and Leakey M. G. (1994) The retention of
primary oxygen isotope compositions of fossil elephant skeletal
phopshate. Geochim. Cosmochim. Acta 58, 5291–5298.
Balasse M. (2002) Reconstructing dietary and environmental
history from enamel isotopic analysis: time resolution of
intra-tooth sequential sampling. Int. J. Osteoarchaeol. 12,
155–165.
Balasse M. (2003) Potential biases in sampling design and
interpretation of intra-tooth isotope analysis. Int. J. Osteoar-
chaeol. 13, 3–10.
Balasse M., Ambrose S. H., Smith A. B. and Price T. D. (2002) The
seasonal mobility model for prehistoric herders in the south-
western Cape of South Africa assessed by isotopic analysis of
sheep tooth enamel. J. Archaeol. Sci. 29, 917–932.
Balasse M., Smith A. B., Ambrose S. H. and Leigh S. (2003)
Determining sheep birth seasonality by analysis of tooth enamel
oxygen isotope ratios: the Late Stone Age site of Kasteelberg
(South Africa). J. Archaeol. Sci. 30, 205–215.
S.A. Blumenthal et al. / Geochimica et Cosmochimica Acta 124 (2014) 223–236 233
	 202 
Balasse M., Tresset A. and Ambrose S. H. (2005) Stable isotope
evidence (d13C, d18O) for winter feeding on seaweed by
Neolithic sheep of Scotland. J. Zool. 270, 170–176.
Balasse M., Obein G., Ughetto-Monfrin J. and Mainland I. (2011)
Investigating seasonality and season of birth in past herds: a
reference set of sheep enamel stable oxygen isotope ratios.
Archaeometry 54, 349–368.
Bernard A., Daux V., Lécuyer C. and Brugal J.-P. (2009)
Pleistocene seasonal temperature variations recorded in the
d18O of Bison priscus teeth. Earth Planet. Sci. Lett. 283, 133–
143.
Bloebaum R. D., Skedros J. G., Vajda E. G., Bachus K. N. and
Constantz B. R. (1997) Determining mineral content variations
in bone using backscattered electron imaging. Quatern. Res. 20,
485–490.
Boyde A. (1978) Development of the structure of the enamel of the
incisor teeth in the three classical subordinal groups of the
Rodentia. In Development, Function and Evolution of Teeth (eds.
P. M. Butler and K. A. Joysey). Academic Press, London, pp.
43–58.
Boyde A. and Jones S. J. (1983) Backscattered electron imaging of
dental tissues. Anat. Embryol. 168, 211–226.
Boyde A., Davy K. W. M. and Jones S. J. (1995) Standards for
mineral quantification of human bone by analysis of backscat-
tered electron images. Scanning 17(5 Suppl.), V6–V7.
Britton K., Grimes V., Dau J. and Richards M. P. (2009)
Reconstructing faunal migrations using intra-tooth sampling
and strontium and oxygen isotope analyses: a case study of
modern caribou (Rangifer tarandus granti). J. Archaeol. Sci. 36,
1163–1172.
Brookman T. H. and Ambrose S. H. (2012) Seasonal variation in
kangaroo tooth enamel oxygen and carbon isotopes in Austra-
lia. Quatern. Res. 78, 256–265.
Bryant J. D. and Froelich P. N. (1995) A model of oxygen isotope
fractionation in body water of large mammals. Geochim.
Cosmochim. Acta 59, 4523–4537.
Bryant J. D., Froelich P. N., Showers W. J. and Genna B. J.
(1996a) Biologic and climatic signals in the oxygen isotopic
composition of Eocene–Oligocene equid enamel phosphate.
Palaeogeogr. Palaeoclimatol. Palaeoecol. 126, 75–89.
Bryant J. D., Koch P. L., Froelich P. N., Showers W. J. and Genna
B. J. (1996b) Oxygen isotope partitioning between phosphate
and carbonate in mammalian apatite. Geochim. Cosmochim.
Acta 60, 5145–5148.
Cerling T. E. and Harris J. M. (1999) Carbon isotope fractionation
between diet and bioapatite in ungulate mammals and impli-
cations for ecological and paleoecological studies. Oecologia
120, 347–363.
Cerling T. E. and Sharp Z. (1996) Stable carbon and oxygen
isotope analysis of fossil tooth enamel using laser
ablation. Palaeogeogr. Palaeoclimatol. Palaeoecol. 126,
173–186.
Cerling T. E., Harris J. M., Hart J. A., Kaleme P., Klingel H.,
Leakey M. G., Levin N. E., Lewison R. L. and Passey B. H.
(2008) Stable isotope ecology of the common hippopotamus. J.
Zool. 276, 204–212.
Chritz K. L., Dyke G. J., Zazzo A., Lister A. M., Monaghan N. T.
and Sigwart J. D. (2009) Palaeobiology of an extinct Ice Age
mammal: stable isotope and cementum analysis of giant deer
teeth. Palaeogeogr. Palaeoclimatol. Palaeoecol. 282,
133–144.
Codron J., Codron D., Sponheimer M., Kirkman K., Duffy K. J.,
Raubenheimer E. J., Mélice J. L., Grant R., Clauss M. and Lee-
Thorp J. A. (2012) Stable isotope series from elephant ivory
reveal lifetime histories of a true dietary generalist. Proc. Biol.
Sci. 279, 2433–2441.
DeNiro M. J. and Epstein S. (1978) Influence of diet on the
distribution of carbon isotopes in animals. Geochim. Cosmo-
chim. Acta 42, 495–506.
Elliott J. C. (1997) Structure, crystal chemistry and density of
enamel apatites. In Dental Enamel (Ciba Foundation Sympo-
sium 205) (eds. D. Chadwick and G. Cardew). Wiley Online
Library, Chichester, UK, pp. 54–72.
Elliott J. C. (2002) Calcium phosphate biominerals. Rev. Mineral.
Geochem. 48, 427–453.
Elliott J. C., Holcomb D. W. and Young R. A. (1985) Infrared
determination of the degree of substitution of hydroxyl by
carbonate ions in human dental enamel. Oecologia 37, 372–375.
Fisher D. C. and Fox D. L. (1998) Oxygen isotopes in mammoth
teeth: sample design, mineralization patterns, and enamel–
dentine comparisons. J. Vert. Palaeontol. 18(3 Suppl.), 41A–
42A.
Fox D. L. and Fisher D. C. (2001) Stable isotope ecology of a late
Miocene population of Gomphotherium productus (Mamma-
lia, Proboscidea) from Port of Entry Pit, Oklahoma, USA.
Palaios 16, 279.
Fox D. L. and Fisher D. C. (2004) Dietary reconstruction of
Miocene Gomphotherium (Mammalia, Proboscidea) from the
Great Plains region, USA, based on the carbon isotope
composition of tusk and molar enamel. Palaeogeogr. Palaeo-
climatol. Palaeoecol. 206, 311–335.
Fraser R. A., Grün R., Privat K. and Gagan M. K. (2008) Stable-
isotope microprofiling of wombat tooth enamel records sea-
sonal changes in vegetation and environmental conditions in
eastern Australia. Palaeogeogr. Palaeoclimatol. Palaeoecol. 269,
66–77.
Frémondeau D., Cucchi T. and Casabianca F. (2012) Seasonality
of birth and diet of pigs from stable isotope analyses of tooth
enamel. J. Archaeol. Sci. 39, 2023–2035.
Fricke H. C. and O’Neil J. R. (1996) Inter-and intra-tooth
variation in the oxygen isotope composition of mammalian
tooth enamel phosphate: implications for palaeoclimatological
and palaeobiological research. Palaeogeogr. Palaeoclimatol.
Palaeoecol. 126, 91–100.
Fricke H. C., Clyde W. and O’Neil J. R. (1998) Intra-tooth
variations in d18O (PO4) of mammalian tooth enamel as a
record of seasonal variations in continental climate variables.
Geochim. Cosmochim. Acta 62, 1839–1850.
Glick P. L. (1979) Patterns of enamel maturation. J. Dent. Res. 58,
883–895.
Gomez S. and Boyde A. (1994) Correlated alkaline phosphatase
histochemistry and quantitative backscattered electron imaging
in the study of rat incisor ameloblasts and enamel mineraliza-
tion. Microsc. Res. Tech. 29, 29–36.
Hallin K. A., Schoeninger M. J. and Schwarcz H. P. (2012)
Paleoclimate during Neandertal and anatomically modern
human occupation at Amud and Qafzeh, Israel: the stable
isotope data. J. Hum. Evol. 62, 59–73.
Higgins P. and Macfadden B. J. (2009) Seasonal and geographic
climate variabilities during the Last Glacial Maximum in North
America: applying isotopic analysis and macrophysical climate
models. Palaeogeogr. Palaeoclimatol. Palaeoecol. 283, 15–27.
Hiller C. R., Robinson C. and Weatherell J. (1975) Variations in
the composition of developing rat incisor enamel. Calcif. Tissue
Int. 18, 1–12.
Hilson S. (2005) Teeth. Cambridge University Press, New York.
Hoppe K., Stover S., Pascoe J. and Amundson R. (2004) Tooth
enamel biomineralization in extant horses: implications for
isotopic microsampling. Palaeogeogr. Palaeoclimatol. Palaeo-
ecol. 206, 355–365.
Howell P. G. T., Davy K. M. W. and Boyde A. (1998) Mean
atomic number and backscattered electron coefficient calcula-
234 S.A. Blumenthal et al. / Geochimica et Cosmochimica Acta 124 (2014) 223–236
	 203 
tions for some materials with low mean atomic number.
Scanning 20, 35–40.
Iacumin P., Bocherens H., Mariotti A. and Longinelli A. (1996)
Oxygen isotope analyses of co-existing carbonate and phos-
phate in biogenic apatite: a way to monitor diagenetic alteration
of bone phosphate? Earth Planet. Sci. Lett. 142, 1–6.
Jones A. M., Iacumin P. and Young E. D. (1999) High-resolution
d18O analysis of tooth enamel phosphate by isotope ratio
monitoring gas chromatography mass spectrometry and ultra-
violet laser fluorination. Chem. Geol. 153, 241–248.
Julien M.-A., Bocherens H., Burke A., Drucker D. G., Patou-
Mathis M., Krotova O. and Péan S. (2012) Were European
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CHAPTER 6.  Oxygen isotope time-series in equid teeth: reconstructing Pleistocene 





The relationship between climate change and hominin evolution in Africa remains poorly 
understood, largely due to difficulties in quantifying local climate conditions, particularly the 
seasonality of rainfall. In this study I show that seasonal variation in the isotopic composition of 
rainfall can be estimated using oxygen isotope ratios in equid teeth. First, I use in situ laser 
ablation and conventional microsampling techniques to understand time-averaging of 
environmental signals in intra-tooth isotope profiles in modern horse teeth from Mongolia, which 
is characterized by a large seasonal oxygen isotopic gradient. I demonstrate that laser ablation 
can be used to discretely sample inner, middle, and outer enamel layers in large mammalian 
herbivore teeth. The inner enamel layer records less attenuated isotopic signals than other layers, 
as predicted by the mineralization patterns, but intra-tooth signal amplitude is similar for laser 
and conventional sampling methods. Second, I use modern East African zebra teeth to evaluate 
how intra-tooth isotope profiles record seasonal variation in the isotopic composition of rainfall. 
I show that there is a linear relationship between the average isotopic range of intra-tooth profiles 
and intra-annual variation in the oxygen isotopic composition of precipitation across East Africa. 
Oxygen isotopic variation among fossil equid teeth from the Homa Peninsula show that the 
seasonal variation in the oxygen isotopic composition of rainfall during the Pleistocene was 




	 Numerous studies have proposed direct links between climate change and human 
evolution during the Plio-Pleistocene (ca. 3 to 1 Ma) (Vrba, 1989; Bromage and Schrenk, 1995; 
deMenocal, 1995; Potts, 1998; Bromage and Schrenk, 1999; deMenocal, 2004; Behrensmeyer, 
2006; Kingston, 2007; Potts, 2007; deMenocal, 2011; Maslin et al., 2015). However, the role of 
paleoclimatic dynamics in hominin evolution in Africa remains poorly understood, particularly 
short-term climatic fluctuations, largely due to difficulties in generating relevant terrestrial 
records. Climate change in the tropics manifests primarily as variation in seasonality (intra-
annual precipitation cycles) (Clement et al., 2004; Kingston, 2005; Berger et al., 2006; Feng et 
al., 2013), and modern ecological studies demonstrate that rainfall seasonality (in addition to 
	 206 
total annual rainfall) is a primary determinant of vegetation in African biomes (Good and Caylor, 
2011; Lehmann et al., 2011; Guan et al., 2014a; 2014b) that in turn impacts the distribution and 
diversity of mammalian communities (Illius and O'Connor, 2000; Ogutu and Owen-Smith, 
2003). Therefore, seasonality may be an important climatic parameter for understanding hominin 
behavior and adaptation by controlling the abundance and distribution of resources 
(Blumenschine, 1987; Speth, 1987; Foley, 1993; Bromage and Schrenk, 1995; Owen-Smith, 
1999; Plummer, 2004; Reed and Fish, 2005; Kingston, 2007; Potts, 2007; Macho and Leakey, 
2009). While it has been suggested that seasonality has intensified since the late Miocene 
(deMenocal, 1995; Reed, 1997; Pagani et al., 1999; deMenocal, 2004; Trauth et al., 2007; 
Osborne, 2008), there are no empirical records that test this hypothesis. There are no predictable 
relationships between seasonality and aridity or vegetation in the tropics (Feng et al., 2013; Guan 
et al., 2014b), and an independent proxy is needed to evaluate terrestrial seasonality parameters 
(frequency, duration, and intensity of dry seasons) characterizing hominin environments.   
A number of approaches have been developed to assess aspects of climate seasonality in 
the fossil record, including 1) paleolimnological proxies such as diatoms, pollen, or leaf wax 
biomarkers (Stager and Cumming, 2003; Vincens et al., 2007; Verschuren et al., 2009; Barker et 
al., 2011; Wilson et al., 2014); 2) paleosol carbonate horizon thickness (Retallack, 2005); 3) 
isotopic microsampling of invertebrate shells (Abell et al., 1995; Rodrigues et al., 2000; 
Hailemichael et al., 2002; Vonhof et al., 2013; Prendergast et al., n.d.); 4) periodicity of stress 
lines in mammal teeth (Macho et al., 1996; Dirks et al., 2002; Macho et al., 2003; Skinner and 
Hopwood, 2004; Macho and Leakey, 2009; Roohi et al., 2015); 5) cementum accretion analysis 
(Lieberman, 1993; Lubinski and O'Brien, 2001; Pike-Tay and Cosgrove, 2002; Lam, 2008; Pike-
Tay et al., 2008; Wall-Scheffler et al., 2008; Chritz et al., 2009); 6) dental wear patterns 
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(Sánchez-Hernández et al., in press); and 7) plant macrofossil morphology (Jacobs, 2002; Peppe 
et al., 2011; Bamford et al., 2013). However, these proxies have not been widely applied, 
particularly in eastern Africa. The goal of this study is to demonstrate that mammalian herbivore 
intra-tooth oxygen isotopic variation can be used to reconstruct paleoseasonality as experienced 
by hominins and other terrestrial mammals in the Pleistocene.   
 Stable isotope analysis of mammalian calcified tissues is a powerful geochemical tool for 
investigating short-term variability in animal diets and environments (Kohn and Cerling, 2002). 
In bioapatite, stable isotope ratios of carbon (δ13C) reflect diet (DeNiro and Epstein, 1978; 
Cerling and Harris, 1999) and stable isotope ratios of oxygen (δ18O) reflect the isotopic 
composition of body water, which relates to water ingested directly by drinking as well as water 
and oxygen in food and inspired air (Longinelli, 1984; Luz et al., 1984; Bryant and Froelich, 
1995; Kohn, 1996; Kohn et al., 1996; Podlesak et al., 2008). Isotopic variation within the 
lifetimes of individual animals can be recovered by sampling incrementally growing tissues that 
do not remodel after formation, such as dental tissues. Tooth dentine preserves a high-resolution 
record of isotopic variability (Koch et al., 1989; Zazzo et al., 2006; Kirsanow et al., 2008; 
Codron et al., 2012; Uno, 2012), although tooth enamel is more resistant to diagenetic alteration 
and is preferred for paleobiological and paleoenvironmental applications (Wang and Cerling, 
1994; Koch et al., 1997; Kohn et al., 1999; Zazzo et al., 2004; Roche et al., 2010). Intra-tooth 
enamel isotopic time-series provide a chronologically ordered record of environmental input 
throughout enamel development, a period that typically ranges from months to years among 
mammalian herbivores (Fricke and O'Neil, 1996; Fricke et al., 1998; Kohn et al., 1998; Sharp 
and Cerling, 1998; Balasse, 2002; Kohn, 2004; Hoppe et al., 2004b; Blumenthal et al., 2014). 
Therefore, this approach can be used to reconstruct aspects of environmental or ecological 
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variation on intra-annual time-scales, such as seasonality of climate (Kohn et al., 1998; Sharp 
and Cerling, 1998; Nelson, 2005; Souron et al., 2012; Rivals et al., 2015), as well as mammal 
diet (Balasse, 2002; Fox and Fisher, 2004; Sponheimer et al., 2006; Balasse et al., 2009; 
Metcalfe and Longstaffe, 2012; 2014), birth (Balasse et al., 2003; Balasse and Tresset, 2007; 
Chritz et al., 2009; Blaise and Balasse, 2011; Balasse et al., 2012; Frémondeau et al., 2012), and 
movement patterns (Balasse et al., 2002; Britton et al., 2009; Julien et al., 2012).   
 The primary challenge in interpreting intra-tooth isotope time-series relates to the 
attenuation or blurring of primary environmental input signals due to enamel maturation and 
sampling (Chapter 5). Enamel mineralization is a multi-stage, spatially complex process (Suga, 
1982; Robinson et al., 1995; Moss-Salentijn et al., 1997; Beniash et al., 2009; Simmer et al., 
2012), and the isotopic composition of any individual enamel volume reflects isotopic input over 
a prolonged period of time (Fisher and Fox, 1998; Passey and Cerling, 2002; Balasse, 2003; 
Hoppe et al., 2004b; Zazzo et al., 2005; Uno, 2012; Blumenthal et al., 2014). There are two 
possible strategies for reducing signal attenuation due to enamel maturation and sampling. First, 
a mathematical model has been developed that can be used to estimate original input signals 
from time-averaged, conventionally sampled intra-tooth profiles (Passey et al., 2005). This 
model performs well when applied to continuously growing teeth with roughly constant growth 
rates, such as hippopotamus canines (Cerling et al., 2008; Harris et al., 2008); however, most 
ungulate teeth are not continuously-growing and have non-linear growth rates (Zazzo et al., 
2012; Bendrey et al., 2015) and inversion models may be difficult to apply to fossil taxa where 
enamel maturation parameters are unknown. Second, it is possible to reduce signal attenuation 
by sampling enamel zones of high initial mineral content or rapid mineralization (Zazzo et al., 
2005; Metcalfe and Longstaffe, 2012; Zazzo et al., 2012; Blumenthal et al., 2014). The 
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innermost enamel layer, <20 µm from the enamel-dentine junction, is highly mineralized early in 
the maturation stage and retains a significantly less altered signal (Chapter 5) (Tafforeau et al., 
2007; Blumenthal et al., 2014). Secondary ion mass spectrometry has the spatial resolution (ca. 
1-25 µm) necessary to sample this narrow zone, although only a few laboratories have this 
analytical capability, which is expensive and destructive. Alternatively, it has been proposed that 
intra-tooth isotope time-series from inner enamel, which can be more easily sampled by 
micromilling (ca. 25-100 µm) or laser ablation (ca. 100-200 µm), may provide less blurred 
signals (Zazzo et al., 2005; Metcalfe and Longstaffe, 2012).  
  Equid check teeth (premolars and molars) are ideal candidates for reconstructing 
seasonality because these highly hypsodont teeth grow over ca. 2-3 years, potentially preserving 
multiple seasonal cycles (Hoppe et al., 2004b). Equids are highly water-dependent (Western, 
1975; Crowell-Davis et al., 1985; Scheibe et al., 1998; Bahloul et al., 2001; de Leeuw et al., 
2001; King, 2002; Redfern et al., 2003; Sitters et al., 2009; Ogutu et al., 2010), and equid tooth 
δ18Oenamel values relate primarily to the isotopic composition of meteoric water (Chapter 4) 
(Bryant et al., 1994; Delgado Huertas et al., 1995; Sharp and Cerling, 1998; Hoppe et al., 2004a; 
2005; Levin et al., 2006). Previous studies on intra-tooth isotopic variability using modern, 
archaeological, and paleontological equid specimens from North America (Sharp and Cerling, 
1998; Kohn et al., 2002; Higgins and MacFadden, 2004; MacFadden, 2008; Feranec et al., 
2009), Asia (Nelson, 2005; Wang et al., 2008; Zhang et al., 2009; 2012), Europe (van Dam and 
Reichart, 2009; Fabre et al., 2011; Rivals et al., 2015; Julien et al., 2015), and the Middle East 
(Wiedemann et al., 1999) have consistently revealed seasonal-scale isotopic variation. However, 
despite the relative abundance of equid intra-tooth isotope records, there remains no 
straightforward model for quantitatively inferring aspects of climate seasonality. Additionally, 
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there have been few studies focusing on intra-tooth δ18Oenamel variation in modern or fossil 
African equids (Kohn et al., 1998; Wolf et al., 2010; Smiley et al., 2012), and a systematic study 
of modern individuals from multiple areas with contrasting seasonality has not been conducted.  
 In tropical Africa, rainfall seasonality is controlled by the passing of the inter-tropical 
convergence zone (ITCZ), and is highly spatially heterogeneous due to the effects of complex 
topography and the presence of multiple large lakes (Ogallo, 1989; Indeje et al., 2000; Herrmann 
and Mohr, 2011; Owiti and Zhu, 2012; Feng et al., 2013). The oxygen isotopic composition of 
precipitation in the tropics primarily reflects amount of rainfall (Dansgaard, 1964; Rozanski et 
al., 1993; Gat, 1996), and seasonal variation in rainfall amount is reflected in the oxygen isotopic 
composition of rainfall and meteoric (precipitation-derived) water in eastern Africa (Rozanski et 
al., 1996; Bowen, 2008). 
 The goal of this study is to demonstrate that intra-tooth oxygen isotopic variation in equid 
teeth can be used as an indicator of seasonality in eastern Africa. First, I evaluate the 
effectiveness of in situ enamel sampling with laser ablation. I use horse teeth from Mongolia, 
where natural seasonal variation in meteoric water δ18O values is significantly greater than the 
tropics (Bowen, 2008), to test the effectiveness of sampling inner enamel for recovering greater 
amplitude (δ18Oenamel range) in intra-tooth seasonal-scale signals. Second, I evaluate the 
relationship between intra-tooth δ18Oenamel variability among extant zebra and intra-annual 
δ18Oprecip variability in eastern Africa. Finally, I use intra-tooth δ18O variability from fossil equids 





 Horse teeth were collected from naturally decreased free-range individuals in northern 
Mongolia, where rainfall and temperature are highly seasonal with one long summer rainy 
season (Cerling and Harris, 1999). Precipitation oxygen isotope measurements from Ulaanbaatar, 
Mongolia are used for comparison (Aggarwal et al., 2008).  
 Zebra teeth were collected from naturally deceased wild individuals in Uganda (Lake 
Mburo National Park and Kidepo Valley National Park) and Kenya (Turkana and Laikipia 
regions). Additional isotopic data (mean δ18Oenamel range) from zebra teeth in Amboseli, Kenya 
(Smiley et al., 2012) and Afar, Ethiopia (Bedaso, 2011) are included for comparison. There are 
two rainy and dry seasons in each of these locations, except Kidepo in northern Uganda where 
there is one long rainy season (Indeje et al., 2000; Phillips and McIntyre, 2000; Owiti and Zhu, 
2012). Mean monthly temperatures are relatively constant throughout the year. Precipitation 
oxygen isotope measurements are not available for African sample locations; therefore, predicted 
monthly average isotopic values were obtained from a regionalized cluster-based water isotope 
prediction (RCWIP) model based on the Global Network of Isotopes in Precipitation (GNIP) 
(Terzer et al., 2013). Predicted intra-annual δ18Oprecip variation is compared with measured 
δ18Omw (meteoric water) values from each location. Meteoric water was not systematically 
seasonally collected, but nonetheless provides a useful benchmark for assessing predicted 
isotopic ranges.  
 
Fossil specimens 
 Fossils included in this study are housed in the National Museums of Kenya, Nairobi, and 
were collected from Plio-Pleistocene sediments on the Homa Peninsula, southwestern Kenya. 
Equid cheek teeth were selected from the Kanjera Formation Southern Member Bed 1 (KS-1) 
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and Bed 2 (KS-2), Kasibos Formation, and Late Pliocene/Early Pleistocene deposits at 
Nyayanga. KS-1 and KS-2 contain abundant in situ fossil and Oldowan archaeological materials 
in fluvial sediments dated to ca. 2.0 Ma based on a combination of biostratigraphy and 
magnetostratigraphy (Ditchfield et al., 1999; Plummer et al., 2009b). The Kasibos Formation 
contains a diverse large mammal fauna collected on the surface and in situ within a clay-
dominated sequence dated to ca. 1.0 Ma based on a combination of biostratigraphy and 
magnetostratigraphy. Surface artifacts collected from Kanam East include Acheulean bifaces and 
other lithics may be derived from the Kasibos Formation, although these artifacts may 
alternatively be associated with the poorly defined Abundu Formation (Ditchfield et al., 1999). 
Nyayanga is a recently discovered locality with a diverse large mammal fauna preserved in 
primarily fluvial sediments provisionally dated to ca. 2.5 Ma based on biostratigraphy, and 
includes a hominin (Paranthropus) tooth as well as Oldowan artifacts, indicating the presence of 
at least one hominin taxon (see Chapter 3).  
 
METHODS 
Enamel mineralization analysis 
 A Mongolian horse tooth germ was embedded in epoxy and imaged uncoated in variable 
pressure mode (50 Pa) using a Zeiss EVO-50 (Thornwood, New York) scanning electron 
microscope in backscattered electron imaging mode at 15 kV, 600 pA, and 8.5-mm working 
distance (SI Figure 1). Two mineral density standards were used, including 99% aluminum with 
a mineral density similar to mature enamel and an iodinated methacrylate standard (C22H25O10I) 
with a mineral density between dentine and enamel (Boyde et al., 1995; Howell et al., 1998; 
Blumenthal et al., 2014). Image montages were acquired automatically using Zeiss SmartStich 
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software, and ImageJ (NIH) was used to measure image intensity (gray level) of individual 
pixels. Gray levels relate to the number of measured backscattered electrons, which is a function 
of mean atomic number of the material and to weight percent mineral (Bloebaum et al., 1997; 
Blumenthal et al., 2014). Gray levels range from 0 for black (no mineral) and 255 for white 
(most mineral). As previously reported (Chapter 5), gray levels of 222 (Al standard) correspond 
with 99% mineral, and gray level of 0 (epoxy) represents 0% mineral. Mature enamel for this 
specimen has a mean gray level of 221 and mature dentine has a mean gray level of 132, 
corresponding to 98% and 59% mineralization. Equid tooth germ enamel level transects 
presented in Chapter 5 (Blumenthal et al., 2014) targeted the very thin innermost (12 µm) and 
outer (14 µm) enamel layers, and divided the remaining enamel into ‘inner’ and ‘middle’ layers 
of equal thickness. To assess enamel maturation at the spatial scale relevant to laser ablation, 
gray levels were measured in this study using 100 µm-thick transects parallel to the growth axis 
through inner, middle, and outer thirds of the enamel layer. Gray level transects are measured 
beginning when mineral contents increase in these layers, which is ca. 8 mm from point at which 
the mineral contents of the innermost enamel layer begins to increase (Chapter 5) (Blumenthal et 
al., 2014). 
 
In situ isotope analysis using laser ablation (LA-GC-IRMS) 
 Columns of anterior or central buccal enamel from Mongolian horse teeth were cut into 
thick sections for laser ablation analysis using a Buehler Isomet (Evanston, IL) with a diamond 
wafering blade and 70% ethanol solution. Tooth sections were placed in the sample chamber and 
purged with He overnight prior to each analytical session. In situ laser ablation sampling was 
performed using a CO2 laser (6.6-7.5 Watts, 8.5 ms pulse duration, 10.6 µm wavelength), 
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operating in a helium purged positive pressure environment, that thermally ablates enamel in pits 
several hundred µm in diameter and ca. 100 µm in depth (Passey and Cerling, 2006). CO2 
generated from 3-6 ablation events was cryogenically concentrated prior to inlet to a gas 
chromatograph (flow rate = 250 ml/min, GC temperature = 60 °C), and analyzed on a Finnigan 
MAT 252 isotope ratio mass spectrometer (IRMS) in continuous flow mode via a GP interface. 
Internal laboratory CO2 gas and tooth enamel standards were analyzed to monitor systematic and 
laser ablation fractionation, respectively. Spots were placed parallel to the growth axis within the 
inner, middle, and outer thirds of the enamel thickness (SI Figure 2). After isotopic analysis teeth 
were examined under optical light microscope, and laser spots with visible charring of organic 
material or overlapping with cracks or edges were removed from subsequent analyses. Analytical 
precision was < 0.8‰ for δ13C and δ18O, which is typical for laser ablation (Passey and Cerling, 
2006). 
 
Conventional isotope analysis 
 Modern or fossil tooth enamel analyzed conventionally by acid digestion of enamel 
carbonate was collected using a rotary drill with a diamond bit (SI Figure 3). Cementum or 
matrix was first removed, and the enamel surface was cleaned with ethanol before sampling. 
Enamel powder was collected along the growth axis from ca. 1 mm wide grooves at ca. 3-5 mm 
intervals. Enamel was chemically treated before isotopic analysis using standard procedures to 
remove organic contaminants (3% H2O2)  in modern teeth and secondary exogenous carbonates 
(0.1 M buffered acetic acid) in fossil teeth (Koch et al., 1997; Sponheimer and Cerling, 2014). 
Enamel powder samples were reacted with >100% H3PO4 at 90 °C in silver capsules using a 
Finnigan CarboFlo, which is a hybrid positive pressure/vacuum system with a common acid 
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bath. 13C/12C and 18O/16O ratios of enamel carbonate were measured by analyzing the resulting 
CO2 with a dual inlet isotope ratio mass spectrometer (Finnigan MAT 252). Data were corrected 
with Carrara carbonate and internal laboratory fossil enamel standards. Analytical precision was 
< 0.2‰ for δ13C and δ18O for modern and fossil teeth. All isotopic ratios are reported using 
conventional per mil (‰) notation where δ18Osample = (Rsample/Rstandard-1) x 1000. Potential 
evapotranspiration and water deficit are calculated for eastern African locations mean monthly 




Mongolian horse tooth enamel mineralization and oxygen isotopes 
 Gray levels of inner enamel (40%) are higher at the beginning of the maturation stage than 
middle (31%) or outer (25%) enamel (Figure 1, SI Figure 1). The initial mineralization of the 
entire enamel layer is 32%. Gray levels and estimated mineral content of all layers increase 
rapidly beyond the level of mature dentine. The maturation length is ca. 20 mm, and outer 
enamel remains less mineralized than inner and middle enamel. 
 Intra-tooth δ18Oenamel profiles were generated with laser ablation for five horse teeth, 
multiple enamel layers were sampled for three of these teeth, and four of these teeth were also 
sampled conventionally (Figure 2, SI Figure 2, SI Table 1). The range in δ18Oenamel values for 
intra-tooth profiles generated with laser ablation for tooth MG-96-518-M3 within inner, middle, 
and outer layers are 3.8‰, 3.2‰, and 2.4‰, respectively. The range in δ18Oenamel values for 
intra-tooth profiles generated with laser ablation for tooth MG-96-515-M3 within inner, middle, 
and outer layers are 5.0‰, 3.6‰, and 2.4‰, respectively, compared to 3.9‰ for the intra-tooth  
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Figure 1: BSE-SEM gray level transects over the length of maturation of the inner (black), 
middle (dark gray), and outer (light gray) enamel layers of a horse tooth germ. 100-µm moving 
averages are used to smooth variability associated with enamel immaturity, cracks, and other 




































Figure 2: Intra-tooth oxygen isotope profiles of Mongolian horse teeth using (A) laser ablation 
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profile generated conventionally. The range in δ18Oenamel values for intra-tooth profiles generated  
with laser ablation for tooth MG-92-578-M1 within inner and outer layers are 5.0‰ and 3.2‰, 
respectively, compared to 6.1‰ for the intra-tooth profile generated conventionally. The range in 
δ18Oenamel values for the intra-tooth profile generated with laser ablation for tooth MG-92-578-
M3 within the inner layer is 5.8‰ compared to 4.7‰ for the intra-tooth profile generated 
conventionally. The range in δ18Oenamel values for the intra-tooth profile generated with laser 
ablation for tooth MG-92-521-P4 within the middle layer is 5.8‰, and the intra-tooth profile 
generated conventionally is 5.8‰. The range in δ18Oenamel values from inner enamel is on 
average 0.3‰ greater than conventional analysis. The mean range in δ18Oenamel values from all 
sampled enamel layers with the laser is, on average, 0.4‰ less than conventional analysis. 
Across all conventionally analyzed horse teeth, including some teeth not analyzed using the 
laser, the range of intra-tooth δ18O values vary from 3.4‰ to 6.1‰, and average 4.5±1.1‰ (±1 
SD) (SI Figure 4). Compared to the annual range in measured δ18Oprecip values (20.4‰), 
conventionally sampled horse intra-tooth δ18Oenamel profiles (4.5‰) preserve 21% of the 
precipitation signal amplitude. Inner enamel laser ablation intra-tooth δ18O profiles (4.9‰) 
preserve 23% of the precipitation signal amplitude.  
 
Eastern African zebra tooth enamel oxygen isotopes 
 Intra-tooth δ18Oenamel profiles were generated conventionally from one individual from 
Kidepo (M1, M2, M3), one individual from Laikipia (M1, M2, M3), two individuals (M1,M2, M3; 
M1, M2) from Lake Mburo, and one individual from Turkana (M1, M2) (Figure 3). Rainfall and 
water deficit (which is a function of potential evaporation and rainfall) are highly seasonal, with 
a unimodal seasonal pattern in Kidepo and bimodal seasonal patterns in Laikipia and Lake  
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Figure 3: (A) Climate data for tooth sampling locations in Kenya and Uganda, including 
measured mean monthly rainfall and calculated potential evapotransiration (PET) and water 
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Mburo. Rainfall in Turkana is bimodal, with long rains in March-May and short rains in  
November and December, although because overall rainfall is minimal water deficit reflects 
temperature variation as well.   
 Assuming tooth growth of 30-40 mm/year (Sharp and Cerling, 1998; Hoppe et al., 2004b), 
a unimodal pattern would appear as 1 cycle over ca. 40 mm and a bimodal pattern would  
appear as 2 cycles over ca. 40 mm. Intra-tooth δ18Oenamel values from the M1 and M3 of the 
Kidepo individual resemble a unimodal pattern, but the M2 resembles a bimodal rainfall or water 
deficit pattern (Figure 3). Intra-tooth δ18Oenamel values from the M1, M2, and M3 of the Laikipia 
individual are ambiguous, but could cautiously be interpreted as resembling a unimodal rainfall 
pattern. Intra-tooth δ18Oenamel values from the M1, M2, and M3 of the Lake Mburo individual 
resemble bimodal rainfall seasonal cycles, but intra-tooth δ18Oenamel values from M1 and M2 of 
the other individual resemble a unimodal pattern.   
 The modeled intra-annual δ18Oprecip range across sampled localities in eastern Africa varies 
from 4.1‰ to 9.2‰. There is a positive, linear relationship (mw = precip * 1.1022 – 2.524, P = 
0.007247, R2 = 0.9346) between modeled intra-annual δ18Oprecip range and measured δ18Omw 
range across these locations (Figure 4A). This nearly 1:1 relationship suggests that the model 
performs well for predicting the magnitude of isotopic variation in precipitation in this region. 
Average intra-tooth δ18Oenamel ranges are 3.5‰ (Turkana), 2.8‰ (Kidepo), 2.5‰ (Laikipia), and 
2.3‰ (Lake Mburo), 2.3‰ (Afar), and 2.1‰ (Amboseli), which correspond to 36-50% of the 
modeled precipitation signal amplitude. There is a positive, linear relationship (enamel = 0.2512 
* precip + 1.0206, P = 0.0109, R2 = 0.8345) between modeled intra-annual δ18Oprecip range and 
intra-tooth δ18Oenamel range (Figure 4B). Intra-tooth δ18Oenamel ranges from individual teeth were 
treated as independent values even for different teeth from the same animal, as molar enamel  
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Figure 4: (A) Relationship between modeled intra-annual range in oxygen isotopic composition 
(δ18O) of precipitation and measured range in δ18O values of meteoric water from eastern African 
locations. (B) Relationship between intra-annual range in modeled δ18O values of precipitation 
and intra-tooth range in δ18O values of zebra cheek teeth. (C) Intra-tooth range in δ18O values of 
fossil equid cheek teeth Homa Peninsula fossil localities. Dotted lines represent intra-annual 
range in modeled δ18O values of precipitation from Lodwar, Kenya and Dar es Salaam, 
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formation occurs over partially non-overlapping periods of time (Hoppe et al., 2004b). 
 
Fossil equid tooth enamel oxygen isotopes 
 Intra-tooth δ18Oenamel profiles were generated conventionally using one tooth from 
Nyayanga, three teeth from KS-1, five teeth from KS-2, and two teeth from Kasibos (SI Figure 
5). The range of intra-tooth δ18Oenamel values (mean±sd) are 1.6‰ (Nyayanga), 2.5±0.5‰ (KS-
1), 1.9±0.5‰ (KS-2), and 1.8±0.3‰ (Kasibos). Fossil intra-tooth δ18Oenamel and estimated intra-
annual δ18Oprecip ranges resemble intra-annual δ18Oprecip ranges across modern eastern African 
localities, and there is no trend over time (P > 0.05) (Figure 4C). 
 
DISCUSSION 
In situ enamel microsampling 
 These results demonstrate that in situ laser ablation (LA-GC-IRMS) analysis can be used to 
generate intra-tooth profiles within discrete layers of large mammal tooth enamel. Oxygen 
isotope time-series in Mongolian horse teeth record the δ18Oenamel shift associated with seasonal 
temperature and rainfall, although the signal amplitude was highly attenuated compared to intra-
annual δ18Oprecip range (Figure 2 and SI Figure 4). In situ δ18Oenamel values from inner enamel has 
greater signal amplitude than middle enamel, which in turn has greater amplitude than outer 
enamel, as predicted by differences in initial mineralization of each layer (Figure 1 and Figure 
2). However, laser ablation intra-tooth δ18Oenamel profiles have similar isotopic ranges compared 
to conventionally sampled profiles (difference <0.5‰). These observations demonstrate that in 
some cases inner enamel sampling is not an effective strategy, despite initially promising results 
from inner enamel sampling in bovid (Zazzo et al., 2005) and proboscidean (Metcalfe and 
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Longstaffe, 2012) teeth. Therefore, the application of novel intra-tooth microsampling 
techniques with high spatial resolution for targeting discrete enamel layers or minimizing spot 
size may not represent a useful approach for effectively removing signal attenuation except when 
sampling within the innermost layer (Blumenthal et al., 2014). 
 
Paleoseasonality 
 These results demonstrate a general relationship between the intra-tooth range in δ18Oenamel 
values and modeled intra-annual range in δ18Oprecip values, which provides a straightforward way 
to interpret δ18Oenamel profiles from fossil equids and compare paleoseasonality across terrestrial 
fossil ecosystems (Figure 4B). A higher range in δ18Oenamel values reflects a higher intra-annual 
range in δ18Oprecip values, which relates to greater seasonal-scale variation in rainfall amount 
(Bowen, 2008). Applying this model to fossil equid intra-tooth δ18Oenamel profiles from the Homa 
Peninsula demonstrates that aspects of paleoseasonality can be directly assessed. The estimated 
magnitude of intra-annual variability in the oxygen isotopic composition of precipitation during 
periods of fossil preservation was similar to modern climate in eastern Africa (Figure 4C). The 
similar isotopic range in fossil compared to modern equid teeth (δ18Oenamel range > 1‰) suggests 
that diagenetic alteration of has not homogenized the oxygen isotopic composition of these 
fossils. 
 This model circumvents some of the problems associated with signal attenuation in intra-
tooth enamel profiles as well as uncertainties in modeling the isotopic composition of body or 
food water (Kohn et al., 1998). The slope of the enamel-precipitation relationship likely reflects 
a combination of maturational signal blurring, drinking from water bodies buffered from 
seasonal-scale oxygen isotopic variation, and variation in the oxygen isotopic variation in food 
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H2O and O2. The pursuit of alternative, generally more destructive sampling strategies aimed at 
decreasing intra-tooth signal blurring may be effective at increasing the slope of this relationship, 
but these efforts are unnecessary for estimating the intensity of rainfall seasonality.  
 However, the frequency and duration of seasons are not clearly preserved in intra-tooth 
δ18O profiles (Figure 3). This stems, in part, from difficulties in interpreting intra-tooth profiles, 
which is not straightforward or systematic particularly when a single isotope value changes the 
number of peaks within a given length of tooth. The application of inversion modeling (Passey et 
al., 2005) may be useful for increasing the slope of the enamel-precipitation relationship, which 
would decrease uncertainty in estimating paleoseasonality from fossil intra-tooth profiles, as well 
as for investigating the structure of seasonal-scale signals (i.e. unimodal vs bimodal rainfall 
seasonality) in modern and fossil intra-tooth profiles. 
 
Implications for hominin evolution 
 These findings demonstrate that Early Pleistocene hominins experienced rainfall 
seasonality similar to modern climates in eastern Africa during periods of fossil preservation. 
Results suggest that relatively low seasonal intensity characterized environments inhabited by 
Paranthropus and a stone toolmaking hominin at Nyayanga (ca 2.5 Ma), the Oldowan hominins 
at Kanjera South Bed II (KS-2), and possible stone toolmaking hominins in the Kasibos Fm. 
More intense seasonality characterized the environment inhabited by Oldowan hominins at 
Kanjera South Bed I (KS-1). Abundant archaeological material in both KS-1 and KS-2 suggests 
no preference for seasonal intensity and demonstrates that these hominins were able to 
accommodate significant shifts in seasonality.  
 The main archaeological levels at Kanjera South (KS-1 to KS-3) preserve a record of 
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Oldowan hominin behavior including selective use and relative long-distance transport of lithic 
raw materials, repeated primary access to mammal carcasses, and the exploitation of a diversity 
of plant resources including underground storage organs (Plummer, 2004; Braun et al., 2008; 
2009a; 2009b; Ferraro et al., 2013; Parkinson, 2013; Lemorini et al., 2014). This suite of 
behaviors indicates that by ca. 2.0 Ma, Oldowan hominins were omnivorous and relied on stone 
tool-dependent foraging within variably seasonal environments. These results are consistent with 
studies of modern human and non-human primate analogs, which suggest that tool-mediated 
exploitation of underground storage organs and animal resources may be an adaptation to highly 
seasonal environments (O'Connell et al., 1988; Hernandez-Aguilar et al., 2007; Bogart and 
Pruetz, 2008; Marlowe and Berbesque, 2009), and supports the notion that periodically intense 
seasonality is associated with foraging for difficult-to-access resources perhaps due to increased 
competition for resources among hominins and other herbivores and carnivores (Foley, 1993; 
Plummer, 2004; Reed and Fish, 2005). However, at present there is insufficient data to test the 
hypothesis that there were significant long-term changes in intensity of seasonality throughout 
the Plio-Pleistocene. It may be that seasonality parameters have repeatedly shifted over time, in 
part due to orbitally forced climate change, without a long-term trend (Kingston, 2005; 2007). 
 Additionally, these findings emphasize the lack of straightforward relationships between 
climate and vegetation. For example, despite a shift in the intensity of seasonality between KS-1 
and K-2, both lowermost beds are associated with open C4 grass- and C4-grazer dominated 
ecosystems (Chapter 3) (Plummer et al., 2009a; 2009b). The application of the aridity index to 
fauna from KS-2 suggests a moderate climate (not highly arid or humid) (Chapter 4). Therefore, 
the abundance of C4 grasses is not necessarily associated with either highly arid or seasonal 
climatic conditions, which highlights the need to independently assess each environmental 
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parameter. Broader application of the approach demonstrated in this study is needed to 
investigate relationships between climate seasonality and C4 expansion across eastern Africa.   
 
CONCLUSIONS 
 These findings demonstrate that in situ sampling with laser ablation is useful for 
investigating the relationships between enamel maturation and isotopic variability in large 
mammalian herbivore teeth, but is not ideal for widespread application because it typically 
requires destructive sectioning and does not effectively remove signal blurring. Future efforts 
should focus on applying mathematical inverse models for interpreting conventionally sampled 
intra-tooth enamel isotope profiles from equids and other herbivores, as this approach is more 
cost-effective, less destructive, and widely applicable to fossil specimens.  
 An empirical relationship between oxygen isotopic variability in equid teeth and 
precipitation provides a simple method to assess aspects of paleoseasonality. The linear increase 
in intra-tooth δ18Oenamel range can be used to estimate relative differences in the magnitude or 
intensity of intra-annual variation in precipitation amount in eastern Africa. This method is 
broadly applicable, although equivalent modern datasets will need to be generated before this 
approach can be applied to other taxa and regions.  
 Pleistocene hominins in southwestern Kenya would have experienced highly seasonal 
rainfall, similar to modern eastern African climates (Figure 4C). No trend over time was detected 
in fossil intra-tooth δ18O range, although the number of localities and time periods included in 
this analysis are limited. Sampling fossil equid teeth from additional time periods, localities, and 
geographic regions may reveal significant long-term trends and would allow the possibility of 
assessing relationships between changes in paleoseasonality with other climate, ecological, or 
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environmental variables, including seasonality of hominin diets (Sponheimer et al., 2006). The 
ecological and physiological consequences of rainfall seasonality across primates are well 
documented (Post, 1982; Stanford, 1996; Hill and Dunbar, 2002; Alberts et al., 2005; Brockman 
and Schaik, 2005; Alberts and Altmann, 2006; Gesquiere et al., 2008; Swedell et al., 2008; 
Pruetz and Bertolani, 2009; van Doorn et al., 2010; van Woerden et al., 2010; Bogart and Pruetz, 
2011; Gesquiere et al., 2011; van Woerden et al., 2011; Foerster et al., 2012; Gogarten et al., 
2012; Melin et al., 2014), and paleoseasonality may be important for understanding the evolution 
of non-human primates as well (Jablonski et al., 2000; Potts, 2004; Nelson, 2005).  
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Supplemental Table 1: Comparison of the magnitude of isotopic shift (δ18O range) by sampling 
method. 














laserouter MG-96-515-M3 Conventional  3.9     
MG-96-515-M3 Laser Inner 5.0     
MG-96-515-M3 Laser Middle 3.6     
MG-96-515-M3 Laser Outer 2.4     
MG-96-515-M3    -0.2 1.1 1.3 2.6 
        
MG-96-518-M3 Conventional  3.9     
MG-96-518-M3 Laser Inner 3.8     
MG-96-518-M3 Laser Middle 3.2     
MG-96-518-M3 Laser Outer 2.4     
MG-96-518-M3    -0.8 0.0 0.7 1.5 
        
MG-92-578-M1 Conventional  6.1     
MG-92-578-M1 Laser Inner 5.0     
MG-92-578-M1 Laser Outer 3.2     
MG-92-578-M1    -2.1 -1.1  1.8 
        
MG-92-578-TG-M3 Conventional  4.7     
MG-92-578-TG-M3 Laser Inner 5.8     
MG-92-578-TG-M3    1.1 1.1   
        
MG-96-521-P4 Conventional  5.8    
MG-96-521-P4 Laser Middle 5.8     
MG-96-521-P4    -0.1    
        
   Average -0.4 0.3 1.0 1.9 
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Supplemental Figure 1: BSE-SEM image of Mongolian horse tooth germ (M2). Scale is 36201 
µm for vertical field view. Enamel maturation proceeds from top to bottom in this view. Regions 
with higher gray values (whiter) represent greater mineral content.   
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Supplemental Figure 2: Image of horse tooth (MG-96-518-M3) column after sampling by LA-
GC-IRMS. Sample pits are visible in the enamel layer on the right. Outlined laser pits show 







Supplemental Figure 3: Enamel sampling procedure in a fossil equid molar from Kanjera South 
Bed 2 (KS-2).
   
1 cm
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Supplemental Figure 4: (A) Measured (Ulaan baatar) and modeled (RCWIP) mean monthly 
oxygen isotopic composition (δ18O) of precipitation in northern Mongolia. Intra-tooth isotope 
profiles the complete upper cheek tooth row of one Mongolian horse (B), and individual teeth 
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Supplemental Figure 5: Fossil equid tooth intra-tooth carbon and oxygen isotope profiles from 
the Homa Peninsula, including (A) Kanjera South Bed I (ca. 2 Ma), (B) Kanjera South Bed II 















0 2 4 6 8













C. Kasibos D. Nyayanga
0 2 4 6 8
0 2 4 6 8
0 2 4 6 8 0 2 4 6 8 0 2 4 6 8










































































































 The research presented in this dissertation offers new perspectives on hominin 
paleoecology using innovative stable isotope approaches. A combination of modern and fossil 
isotope studies was conducted to investigate primate and hominin ecology and the climatic 
context of human evolution. Isotopic studies of modern material include analyses of plants, 
including species characterizing a primate habitat (Chapter 1) and the specific foods and excreta 
of a well-studied wild ape population (Chapter 2). These studies demonstrate the ecological 
complexity of isotopic variation within tropical ecosystems, and form the basis of ongoing and 
future work on living forest- and savanna-dwelling primates, particularly great apes and baboons 
as ecological analogs for early hominins. Isotopic analyses of modern large mammalian 
herbivore tooth enamel provide interpretative frameworks for reconstructing ecosystem structure 
(Chapter 3), aridity (Chapter 4), and seasonality (Chapter 6). Additionally, a tooth from a modern 
rodent in a controlled water switch experiment was analyzed to evaluate the relationship between 
enamel mineralization and intra-tooth in situ microsampling (Chapter 5). Isotopic studies of 
fossil material include carbon (Chapter 3) and oxygen (Chapter 4 and Chapter 6) isotopic 
analyses of large mammalian herbivore tooth enamel aimed at reconstructing the ecological and 
climatic context of Pliocene-Pleistocene hominin evolution in eastern Africa.  
In summary, these studies demonstrate that: (Chapter 1) stable isotope studies of primates 
must include analyses of local plants within the study area; (Chapter 2) known seasonal-scale 
dietary variation in well-studied wild mountain gorillas is reflected in isotopic variation of feces, 
and the magnitude of isotopic variation suggests that Pliocene fossil hominins likely had more 
isotopically variable diets than living African great apes; (Chapter 3) Plio-Pleistocene hominin 
evolution was associated with a long-term expansion of C4 grass-dominated biomes across 
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eastern Africa, and that Pleistocene hominins inhabited persistently C4-grazer dominated biomes; 
(Chapter 4) the expansion of C4 grass throughout the Plio-Pleistocene was not associated with 
increasing aridity in the Turkana Basin; (Chapter 5) in situ sampling techniques can be used to 
generate high resolution intra-tooth enamel isotopic profiles within discrete maturation layers to 
resolve rapid isotopic variation; (Chapter 6) isotope microsampling of equid tooth enamel can be 
used to estimate the intensity of rainfall seasonality, and application to early Pleistocene fossils 
from southwestern Kenya shows that hominins experienced rainfall seasonality similar to eastern 
African climates today.  
 
CLIMATE, ECOLOGY, AND HUMAN EVOLUTION 
 Major biological and behavioral innovations in human evolution during the Pliocene and 
Pleistocene, such as habitual bipedalism, brain and body size increase, stone toolmaking, 
resource transport, dietary diversification, and increases in energy budgets and ranging, are 
thought to result from selective pressures emerging from climatic and ecological change (Vrba, 
1985; 1988; 1989; Stanley, 1992; Bromage and Schrenk, 1995; Potts, 1998a; 1998b; Bromage 
and Schrenk, 1999; deMenocal, 2004; Plummer, 2004; Behrensmeyer, 2006; Kingston, 2007; 
deMenocal, 2011; Potts, 2012a; 2012b; 2013; Maslin et al., 2015; Potts and Faith, 2015). 
Identifying these selective pressures remains a central challenge of hominin paleoecology 
requiring the integration of paleoenvironmental records at a wide range of spatial and temporal 
scales, and the recognition of adaptively significant environmental signals from noise. Dust, 
pollen, and isotopic marine core records of continental and regional environmental change 
provide context for changes in hominin environments (deMenocal, 1995; 2004; Feakins et al., 
2005; Trauth et al., 2009; Bonnefille, 2010; Dupont, 2011; Dupont et al., 2013; Feakins, 2013; 
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Larrasoaña et al., 2013), although the relationship between marine and continental records is not 
always straightforward (Feakins et al., 2007; 2013). Broadly, marine records indicate repeated 
fluctuations between wet and dry intervals, which is consistent with continental lake-based 
lithostratigraphic and isotopic records (Ashley, 2007; Kingston et al., 2007; Lepre et al., 2007; 
Trauth et al., 2007; Owen et al., 2008; Joordens et al., 2011; Magill et al., 2013a; Lepre, 2014; 
Maslin et al., 2014). These records of climate fluctuations are often linked to hominin adaptation, 
although it is necessary to examine local, terrestrial environmental records to test cause-effect 
hypotheses of climate and ecological change driving human evolution (Behrensmeyer, 2006; 
Kingston, 2007).  
This dissertation demonstrates isotopic approaches for investigating Pliocene-Pleistocene 
hominin paleoecology and climate-plant-mammal interactions. Two major conclusions can be 
drawn from the research presented here, using the Turkana Basin (Figure 1) as a case study:  
1) Climate is not necessarily the primary driver of hominin environmental change. I present 
the first long-term terrestrial paleoaridity record in eastern Africa and show that there is 
no long-term trend in water availability associated with increasing C4 vegetation, C4-
grazing herbivores, and grazing bovid tribes (Figure 1). These findings are consistent 
with the lack of paleotemperature trends in Turkana throughout the same time interval 
(Passey et al., 2010), and contradict long-held assumptions that the Pliocene-Pleistocene 
expansion of more open, C4-dominated biomes was caused by increased aridity (Vrba, 
1989; Stanley, 1992; deMenocal, 1995; Reed, 1997; deMenocal, 2004; Wynn, 2004; 
Bobe, 2006; Maslin et al., 2014). A similar long-term paleoaridity record is not available 
from southern Kenya and northern Tanzania, but in Chapter 6 I report preliminary results 
indicating that there is no long-term trend in the magnitude of paleoseasonality associated 
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Figure 1. Compilation of data characterizing climate and ecology in the Turkana Basin, Kenya 
during the Pliocene and Pleistocene. (A) Aridity is expressed as annual water deficit (mm/yr), 
calculated from the average of water deficit estimates using all available evaporation insensitive 
taxa present at localities from the Kanapoi, Koobi Fora, and Nachukui Formations, as presented 
in Chapter 4. There is no long-term trend (P > 0.05) (B) Lake lake intervals are identified as in 
(Trauth et al., 2007), except for paleo-Lake Lorenyang (ca. 2 Ma) identified as in (Lepre 2014). 
(C) Temperature is expressed as clumped isotope temperatures of paleosol carbonates from the 
Nachukui and Shungura Formations (Passey et al., 2010). Temperatures of recent soil carbonates 
in eastern Africa relate to mean annual air temperature. Dashed lines indicate minimum, average, 
and maximum soil temperatures measured at 50 cm depth over 9 months at Illeret, Kenya. There 
is no long-term trend (P > 0.05). (D) δ13C values of pedogenic carbonates from Kanapoi, 
Nachukui, Koobi Fora, and Shungura Formations, reported relative to VPDB (Levin, 2015). 
There is a weak trend towards increasing δ13C values over time (P < 0.000001, R2 = 0.2442). (E) 
Faunal indicators include percent Alcelaphini+Antilopini, calculated as the relative abundance of 
specimens assigned to all bovid tribes, for Omo, West Turkana, and East Turkana from (Bibi and 
Kiessling, 2015). There is a trend towards increasing AA in West Turkana (P = 0.002426, R2 = 
0.7034) and Omo (P = 0.01175, R2 = 0.5686) but not East Turkana (P > 0.05). (F) Percent C4 
grazers among Artiodactyla-Perissodactyla-Proboscidea (APP) taxa from West and East 
Turkana, calculated using the average δ13C value of each taxon within a single time interval to 
identify C4 grazers (>75% C4, >-1‰), C3-C4 mixed feeders (between 25% and 75% C4, between 
-8‰ and -1‰), and C3 browsers (>75% C4, <-8‰), based on modern C3 and C4 vegetation in 
eastern and central Africa and correcting for the estimated carbon isotopic composition of 
preindustrial (ca. 1750) atmospheric CO2 and assuming a diet-enamel enrichment of 14.1‰ 
(Cerling et al., 2015). There is a trend towards including proportion of C4 grazers over time (P < 
0.01, R2 = 0.7088). (G) δ13C values in fossil Theropithecus (including T. brumpti, T. darti, T 
oswaldi) tooth enamel from the Nachukui and Koobi Fora Formations (Cerling et al., 2013a). 
There is a trend towards increasing δ13C values over time (P < 0.000001, R2 = 0.4985). (H). δ13C 
values in fossil hominin (Australopithecus anamensis, Kenyanthropus platyops, Paranthropus 
aethiopicus, Paranthropus boisei, and Homo sp.) tooth enamel from the Turkana Basin (Cerling 
et al., 2013b). There is a trend towards increasing δ13C values over time in all taxa (P < 
0.000001, R2 = 0.501), and a stronger relationship when leaving out specimens of genus Homo 
(P < 0.000001, R2 = 0.7628). Ages of the appearance of significant hominin behaviors include: 
habitual bipedality in Australopithecus anamensis (Leakey et al., 1995); possible evidence of 
butchery from cut-marked bones at Dikika, Ethipia (Domínguez-Rodrigo et al., 2010; McPherron 
et al., 2010; Domínguez-Rodrigo et al., 2011; McPherron et al., 2011; Thompson et al., 2015), 
the earliest lithic industry (Lomekian) from Lomekwi 3, West Turkana, Kenya (Harmand et al., 
2015); the appearance of the earliest Oldowan lithics at Gona (Semaw, 2000; Semaw et al., 
2003) (the earliest Oldowan lithics in the Nachukui and Shungura Formations in the Omo-
Turkana basin appear slightly later ca. 2.34 Ma (Roche et al., 1999)); omnivory refers to the 
earliest unambiguous evidence for toolmaking hominins consuming a diverse diet including 
animal- and plant-based resources, as indicated at Kanjera South (ca. 2.0 Ma) (Ferraro et al., 
2013; Parkinson, 2013; Lemorini et al., 2014) and aquatic resource use evident at FwJj 20 (ca. 
1.95 Ma)  (Archer et al., 2014); the earliest appearance of Acheulean lithics (ca. 1.76 Ma) in the 
Konso Formation, southern Ethiopia and Nachukui Formation, West Turkana, Kenya (Lepre et 
al., 2011; Beyene et al., 2013). Age distributions of eastern African hominin taxa (Wood and 
Leakey, 2011; Antón et al., 2014), modified to reflect recent discoveries (Villmoare et al., 2015) 
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and using the following informal groupings: Pliocene australopiths (including age distribution of 
specimens assigned to Australopithecus anamensis, Australopithecus afarensis, Kenyanthropus 
platyops , and Asutralopithecus deyiremeda), early Homo (including the earliest representatives 
of the genus and later specimens often assigned to H. habilis and H. rudolfensis), Homo erectus 
(including specimens often assigned to H. ergaster), Paranthropus (including megadont 























































































































































































































































































































































with a similar expansion of C4 grass- and grazer-dominated biomes. These findings 
suggest that ecological interactions between hominin, herbivores, and plants associated 
with the expansion of grass-dominated biomes may be more important for understanding 
the selective conditions experienced by early hominins than climate (Fortelius, 2013; 
Owen-Smith, 2013; Cerling et al., 2015; Levin, 2015).  
 
2) An ecological perspective is critical for understanding the potential consequences of 
environmental change on Plio-Pleistocene human evolution. I present a large compilation 
of fossil mammal herbivore tooth enamel carbon isotope values demonstrating that C4 
grazer-dominated ecosystems became increasingly prevalent throughout the Pliocene and 
Pleistocene across eastern Africa. These findings indicate that well-established vegetation 
change associated with the expansion of C4 grasses (Cerling, 1992; Wynn, 2004; Cerling 
et al., 2011; Levin et al., 2011) was accompanied by substantial restructuring of 
mammalian communities, at the level of large mammalian herbivore ecosystem structure 
as well as bovid tribe abundance. These trends are well illustrated in the isotopic and 
paleontological records from the Turkana Basin (Figure 1). Given the long-term increase 
in C4-resource exploitation among hominins and Theropithecus over the past 4 million 
years in Turkana and elsewhere (Sponheimer et al., 2013a; Cerling et al., 2013a; Levin et 
al., 2015), selection pressures associated with niche partitioning related to competition 
with grazing meso- and mega-herbivores for plant-based C4 resources and with carnivores 
for animal-based C4 resources may be important for understanding hominin and primate 
adaptations. For example, competitive interactions may be relevant to understanding the 
exploitation by toolmaking hominins of difficult-to-access and/or energetically expensive 
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plant and animal resources, such as underground storage organs (O’Connell et al., 1999; 
Wrangham et al., 1999; Laden and Wrangham, 2005; Dominy et al., 2008; Lemorini et 
al., 2014) and large mammal carcasses (Bunn and Kroll, 1986; Leonard and Robertson, 
1997; Milton, 1999; Kaplan et al., 2000; Pobiner et al., 2008; Bunn and Pickering, 2010; 
Ferraro et al., 2013; Bunn and Gurtov, 2014; Domínguez-Rodrigo et al., 2014). 
Specifically, increased dietary flexibility (i.e. omnivory) and obligate tool-dependent 
foraging behavior in the genus Homo during the Pleistocene (Plummer, 2004; Ungar et 
al., 2006; Ungar, 2012; Antón et al., 2014) may represent an adaptation to ecological 
interactions unique to C4 grazer-dominated ecosystems (Bobe and Behrensmeyer, 2004; 
Fortelius, 2013; Owen-Smith, 2013). 
 
These findings highlight that, while many studies focus on climate and other abiotic 
environmental drivers in isolation (Trauth et al., 2010; Magill et al., 2013a; 2013b; Maslin et al., 
2014), an ecological perspective emphasizing the importance of interactions with vegetation and 
fauna is critical for investigating environmental determinants of hominin evolution (Lewis, 1997; 
Bobe et al., 2002; Bobe and Behrensmeyer, 2004; Werdelin and Lewis, 2005; Potts, 2007; 
2012b). Modern ecological research demonstrates that herbivory by mega- and meso-herbivores 
(Cumming, 1982; Sankaran et al., 2008; Asner et al., 2009; Asner and Levick, 2012; Bakker et 
al., 2015; Hempson et al., 2015), interactions among herbivore guilds (Arsenault and Owen-
Smith, 2002; Fritz et al., 2002), and interactions between herbivores and carnivores (Fritz et al., 
2011; Van Valkenburgh et al., 2015), represent critical controls on ecosystem structure and the 
distribution of C4  grasses among tropical African biomes. Further study of the environmental 
context of early human evolution in Africa will require an integrated approach that focuses on 
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biotic (mammalian ecosystem structure, vegetation) as well as abiotic (aridity, temperature, 
seasonality) factors. In concert with ongoing paleodietary and archaeological research, such an 
approach should provide a way forward for investigating the constraints on survival and 
reproduction that led to evolutionary change. The following section suggests some promising 
future avenues of research. 
 
FUTURE DIRECTIONS  
Paleoenvironments 
1) The continuing development of long-term, multi-proxy environmental records from well-
studied areas in eastern Africa is critical for providing alternative case studies, 
complementing available records in Turkana, to test predicted relationships between 
individual parameters (aridity, temperature, woody cover, mammalian communities) that 
determine selective pressures experienced by hominins. The integration of herbivore 
enamel isotope records with other long-term terrestrial paleoecological proxies will be 
particularly important for understanding Pliocene ecosystems that largely have no extant 
analog, such as Pliocene C3-C4 mixed feeder-dominated ecosystems (Chapter 3) (Cerling 
et al., 2015). Additionally, other abiotic environmental factors, such as changes in 
atmospheric pCO2 and fire regime, may be important for understanding hominin 
environments (Levin, 2015).  
2) Long-term, multi-proxy environmental records are needed from beyond eastern Africa. 
Previous and ongoing work in other regions, including southern Africa (Lee-Thorp and 
Beaumont, 1995; Sponheimer et al., 1999; Sponheimer and Reed, 2001; Luyt and Lee-
Thorp, 2003; Sponheimer and Lee-Thorp, 2003; Hopley et al., 2007; Lee-Thorp et al., 
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2007; Reynolds et al., 2011; Dupont et al., 2013), Malawi Rift (Schrenk et al., 1993; 
Bromage and Schrenk, 1995; Schrenk et al., 1995; Sandrock et al., 2007; Bocherens et 
al., 2011; Lüdecke et al., 2016), the Albertine Rift (Bishop and Posnansky, 1960; Harris 
et al., 1987; Pickford et al., 1988; 1989; Pickford, 1990; Pickford et al., 1991; Boaz et al., 
1992; Brooks et al., 1995; Yellen et al., 1995; Brachert et al., 2010; Crevecoeur et al., 
2014), and north central Africa including the Chad Basin and elsewhere in the Sahara 
region (Zazzo et al., 2000; Vignaud et al., 2002; Schuster et al., 2009; Larrasoaña et al., 
2013; Zhang et al., 2014; Novello et al., 2015) suggests that a continent-wide perspective 
on hominin-environment interactions throughout the Plio-Pleistocene is possible.   
 
Archaeology 
1) More work is needed to evaluate the ecological constraints on hominin foraging behavior 
in order to determine which environmental parameters are adaptively significant. 
Landscape archaeology provides one way to accomplish this, where for example an 
analysis of artifact density distribution across space is integrated with geological or 
geochemical proxies for environmental conditions (i.e. woody cover, water, etc) (Rogers 
et al., 1994; Sikes et al., 1999; Deocampo et al., 2002; Deocampo and Tactikos, 2010; 
Blumenschine et al., 2012; Quinn et al., 2013). Another approach is to focus on well-
constrained, rapidly deposited archaeological horizons that provide behavioral snapshots 
in ecological context, as demonstrated by ongoing work at early Pleistocene sites at the 
Homa Peninsula (Plummer et al., 1999; Ferraro et al., 2013), Olduvai (Blumenschine et 
al., 2003; Stanistreet, 2012), and Turkana (Roche et al., 1999; Braun et al., 2010). 
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2) Additional zooarchaeological and actualistic studies are needed to further clarify the 
nature of hominin-herbivore-carnivore interactions (Domínguez-Rodrigo, 2001; Ferraro 
et al., 2013; Domínguez-Rodrigo et al., 2014; Parkinson et al., 2014; Pante et al., 2015; 
Parkinson et al., 2015; Pobiner, 2015). Multi-site comparisons of taphonomic 
observations (tooth-mark frequencies, etc) with archaeological indicators of hominin 
activity (lithic density, raw material transport, etc) and paleoenvironmental (woody 
cover, water availability, etc) and paleoecological (faunal community structure) proxies 
may provide further insight into the ecological constraints and selective conditions 
experienced by hominins.  
 
Hominin paleodiet  
1) Additional paleodiet proxies are needed to supplement carbon isotopes and 
microwear in order to understand the trend towards an increasingly C4-dominated 
diets, which is thought to represent a fundamental adaptive shift in human evolution 
(Lee-Thorp et al., 2010; Sponheimer et al., 2013a). It is currently not possible to 
identify which specific plant- or animal-based C3, C4, or potentially CAM foods were 
consumed. Specifically, diet proxies are needed to test hypotheses that hominins may 
have relied on underground storage organs or sedges (Laden and Wrangham, 2005; 
Dominy et al., 2008; van der Merwe et al., 2008; Wrangham et al., 2009; Lee-Thorp, 
2011; Lee-Thorp et al., 2012), and a trophic indicator is needed to determine the 
timing and magnitude of increasing carnivory (Sponheimer et al., 2013b). Early work 
on magnesium isotope ratios is promising (Martin et al., 2015), although additional 
work is needed. This avenue of research will be critical for understanding C4 niche 
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differentiation among hominins, non-human primates, and other mammalian 
herbivores.  
2) Stable isotope and microwear studies indicate that hominin diets were often variable, 
within species and individuals (Scott et al., 2005; Sponheimer et al., 2006b; Lee-
Thorp et al., 2010; Wynn et al., 2013; Cerling et al., 2013b). Further application of 
isotope microsampling hominin teeth, or other indicators of intra-individual diet 
variability, is needed to evaluate if diet variability differs across taxa and time. 
3) Additional study of modern primate analogs, particularly baboons and great apes 
(Sponheimer et al., 2006a; Codron et al., 2008; Blumenthal et al., 2012; Nelson, 
2013; Carlson and Kingston, 2014), may provide insight into (1) the dietary 
manifestation of isotopic variation and (2) ecological, nutritional, or mechanical 
constraints on C4 consumption.  
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APPENDIX FOR CHAPTER 3: Fossil herbivore tooth enamel data  
Order Taxon used Formation Bed/Member Locality 
Artiodactyla Alcelaphini   Gogo Falls 
Artiodactyla Alcelaphini   Gogo Falls 
Artiodactyla Alcelaphini   Gogo Falls 
Artiodactyla Alcelaphini   Gogo Falls 
Artiodactyla Alcelaphini   Gogo Falls 
Artiodactyla Alcelaphini   Gogo Falls 
Artiodactyla Alcelaphini   Gogo Falls 
Artiodactyla Alcelaphini   Gogo Falls 
Artiodactyla Alcelaphini   Gogo Falls 
Artiodactyla Alcelaphini   Gogo Falls 
Artiodactyla Alcelaphini   Gogo Falls 
Artiodactyla Alcelaphini   Gogo Falls 
Artiodactyla Alcelaphini   Gogo Falls 
Artiodactyla Alcelaphini   Gogo Falls 
Artiodactyla Alcelaphini   Gogo Falls 
Artiodactyla Bovidae   Gogo Falls 
Artiodactyla Bovidae   Gogo Falls 
Artiodactyla Hippopotamidae   Gogo Falls 
Artiodactyla Hippopotamidae   Gogo Falls 
Artiodactyla Hippotragini   Gogo Falls 
Artiodactyla Hippotragini   Gogo Falls 
Artiodactyla Hippotragini   Gogo Falls 
Artiodactyla Hippotragini   Gogo Falls 
Artiodactyla Hippotragini   Gogo Falls 
Artiodactyla Neotragini   Gogo Falls 
Artiodactyla Neotragini   Gogo Falls 
Artiodactyla Neotragini   Gogo Falls 
Artiodactyla Neotragini   Gogo Falls 
Artiodactyla Neotragini   Gogo Falls 
Artiodactyla Neotragini   Gogo Falls 
Artiodactyla Neotragini   Gogo Falls 
Artiodactyla Neotragini   Gogo Falls 
Artiodactyla Phacochoerus   Gogo Falls 
Artiodactyla Phacochoerus   Gogo Falls 
Artiodactyla Phacochoerus   Gogo Falls 
Artiodactyla Potamochoerus/Kolpochoerus/Hylochoerus   Gogo Falls 
Artiodactyla Reduncini   Gogo Falls 
Artiodactyla Reduncini   Gogo Falls 
Artiodactyla Reduncini   Gogo Falls 
Artiodactyla Reduncini   Gogo Falls 
Artiodactyla Reduncini   Gogo Falls 
Artiodactyla Tragelaphini   Gogo Falls 
Artiodactyla Tragelaphini   Gogo Falls 
Artiodactyla Tragelaphini   Gogo Falls 
Artiodactyla Tragelaphini   Gogo Falls 
Perissodactyla Equus   Gogo Falls 
Perissodactyla Equus   Gogo Falls 
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Perissodactyla Equus   Gogo Falls 
Perissodactyla Equus   Gogo Falls 
Perissodactyla Equus   Gogo Falls 
Perissodactyla Equus   Gogo Falls 
Perissodactyla Equus   Gogo Falls 
Perissodactyla Equus   Gogo Falls 
Perissodactyla Equus   Gogo Falls 
Perissodactyla Equus   Gogo Falls 
Perissodactyla Equus   Gogo Falls 
Artiodactyla Aepycerotini  Wasiriya Beds Rusinga Island 
Artiodactyla Alcelaphini  Waware Beds Mfangano Island 
Artiodactyla Alcelaphini  Waware Beds Mfangano Island 
Artiodactyla Alcelaphini  Waware Beds Mfangano Island 
Artiodactyla Alcelaphini  Wasiriya Beds Rusinga Island 
Artiodactyla Alcelaphini  Wasiriya Beds Rusinga Island 
Artiodactyla Alcelaphini  Wasiriya Beds Rusinga Island 
Artiodactyla Alcelaphini  Wasiriya Beds Rusinga Island 
Artiodactyla Alcelaphini  Wasiriya Beds Rusinga Island 
Artiodactyla Alcelaphini  Wasiriya Beds Rusinga Island 
Artiodactyla Alcelaphini  Wasiriya Beds Rusinga Island 
Artiodactyla Alcelaphini  Wasiriya Beds Rusinga Island 
Artiodactyla Alcelaphini  Wasiriya Beds Rusinga Island 
Artiodactyla Alcelaphini  Wasiriya Beds Rusinga Island 
Artiodactyla Alcelaphini  Wasiriya Beds Rusinga Island 
Artiodactyla Alcelaphini  Wasiriya Beds Rusinga Island 
Artiodactyla Alcelaphini  Wasiriya Beds Rusinga Island 
Artiodactyla Alcelaphini  Wasiriya Beds Rusinga Island 
Artiodactyla Alcelaphini  Wasiriya Beds Rusinga Island 
Artiodactyla Alcelaphini  Wasiriya Beds Rusinga Island 
Artiodactyla Alcelaphini  Wasiriya Beds Rusinga Island 
Artiodactyla Alcelaphini  Wasiriya Beds Rusinga Island 
Artiodactyla Alcelaphini  Wasiriya Beds Rusinga Island 
Artiodactyla Alcelaphini  Wasiriya Beds Rusinga Island 
Artiodactyla Alcelaphini  Wasiriya Beds Rusinga Island 
Artiodactyla Alcelaphini  Wasiriya Beds Rusinga Island 
Artiodactyla Alcelaphini  Wasiriya Beds Rusinga Island 
Artiodactyla Alcelaphini  Wasiriya Beds Rusinga Island 
Artiodactyla Alcelaphini  Wasiriya Beds Rusinga Island 
Artiodactyla Alcelaphini  Wasiriya Beds Rusinga Island 
Artiodactyla Alcelaphini  Wasiriya Beds Rusinga Island 
Artiodactyla Alcelaphini  Wasiriya Beds Rusinga Island 
Artiodactyla Alcelaphini  Wasiriya Beds Rusinga Island 
Artiodactyla Alcelaphini  Wasiriya Beds Rusinga Island 
Artiodactyla Alcelaphini  Wasiriya Beds Rusinga Island 
Artiodactyla Alcelaphini   Karungu 
Artiodactyla Alcelaphini   Karungu 
Artiodactyla Alcelaphini   Karungu 
Artiodactyla Alcelaphini   Karungu 
Artiodactyla Alcelaphini   Karungu 
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Artiodactyla Alcelaphini   Karungu 
Artiodactyla Alcelaphini   Karungu 
Artiodactyla Alcelaphini   Karungu 
Artiodactyla Alcelaphini   Karungu 
Artiodactyla Alcelaphini   Karungu 
Artiodactyla Alcelaphini   Karungu 
Artiodactyla Alcelaphini   Karungu 
Artiodactyla Alcelaphini   Karungu 
Artiodactyla Alcelaphini   Karungu 
Artiodactyla Alcelaphini   Karungu 
Artiodactyla Alcelaphini   Karungu 
Artiodactyla Antilopini  Wasiriya Beds Rusinga Island 
Artiodactyla Antilopini   Karungu 
Artiodactyla Antilopini   Karungu 
Artiodactyla Antilopini   Karungu 
Artiodactyla Antilopini   Karungu 
Artiodactyla Bovini  Waware Beds Mfangano Island 
Artiodactyla Bovini  Waware Beds Mfangano Island 
Artiodactyla Bovini  Wasiriya Beds Rusinga Island 
Artiodactyla Bovini  Wasiriya Beds Rusinga Island 
Artiodactyla Bovini  Wasiriya Beds Rusinga Island 
Artiodactyla Bovini  Wasiriya Beds Rusinga Island 
Artiodactyla Bovini   Karungu 
Artiodactyla Bovini   Karungu 
Artiodactyla Bovini   Karungu 
Artiodactyla Bovini   Karungu 
Artiodactyla Bovini   Karungu 
Artiodactyla Hippopotamidae  Waware Beds Mfangano Island 
Artiodactyla Hippopotamidae  Wasiriya Beds Rusinga Island 
Artiodactyla Hippopotamidae   Karungu 
Artiodactyla Hippopotamidae   Karungu 
Artiodactyla Hippopotamidae   Karungu 
Artiodactyla Hippopotamidae   Karungu 
Artiodactyla Hippopotamidae   Karungu 
Artiodactyla Hippopotamidae   Karungu 
Artiodactyla Hippopotamidae   Karungu 
Artiodactyla Hippopotamidae   Karungu 
Artiodactyla Hippotragini  Wasiriya Beds Rusinga Island 
Artiodactyla Hippotragini   Karungu 
Artiodactyla Hippotragini   Karungu 
Artiodactyla Hippotragini   Karungu 
Artiodactyla Metridiochoerus/Phacochoerus  Wasiriya Beds Rusinga Island 
Artiodactyla Metridiochoerus/Phacochoerus  Wasiriya Beds Rusinga Island 
Artiodactyla Metridiochoerus/Phacochoerus  Wasiriya Beds Rusinga Island 
Artiodactyla Metridiochoerus/Phacochoerus  Wasiriya Beds Rusinga Island 
Artiodactyla Metridiochoerus/Phacochoerus   Karungu 
Artiodactyla Metridiochoerus/Phacochoerus   Karungu 
Artiodactyla Metridiochoerus/Phacochoerus   Karungu 
Artiodactyla Metridiochoerus/Phacochoerus   Karungu 
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Artiodactyla Metridiochoerus/Phacochoerus   Karungu 
Artiodactyla Metridiochoerus/Phacochoerus   Karungu 
Artiodactyla Neotragini  Wasiriya Beds Rusinga Island 
Artiodactyla Neotragini   Karungu 
Artiodactyla Neotragini   Karungu 
Artiodactyla Potamochoerus/Kolpochoerus/Hylochoerus  Wasiriya Beds Rusinga Island 
Artiodactyla Reduncini  Waware Beds Mfangano Island 
Artiodactyla Reduncini  Wasiriya Beds Rusinga Island 
Artiodactyla Reduncini  Wasiriya Beds Rusinga Island 
Artiodactyla Reduncini  Wasiriya Beds Rusinga Island 
Artiodactyla Reduncini  Wasiriya Beds Rusinga Island 
Artiodactyla Reduncini  Wasiriya Beds Rusinga Island 
Artiodactyla Reduncini  Wasiriya Beds Rusinga Island 
Artiodactyla Reduncini   Karungu 
Artiodactyla Reduncini   Karungu 
Artiodactyla Reduncini   Karungu 
Artiodactyla Tragelaphini  Wasiriya Beds Rusinga Island 
Artiodactyla Tragelaphini   Karungu 
Artiodactyla Tragelaphini   Karungu 
Artiodactyla Tragelaphini   Karungu 
Artiodactyla Tragelaphini   Karungu 
Artiodactyla Tragelaphini   Karungu 
Perissodactyla Ceratotherium/Rhino G   Karungu 
Perissodactyla Ceratotherium/Rhino G   Karungu 
Perissodactyla Ceratotherium/Rhino G   Karungu 
Perissodactyla Ceratotherium/Rhino G   Karungu 
Perissodactyla Ceratotherium/Rhino G   Karungu 
Perissodactyla Equus  Waware Beds Mfangano Island 
Perissodactyla Equus  Wasiriya Beds Rusinga Island 
Perissodactyla Equus  Wasiriya Beds Rusinga Island 
Perissodactyla Equus  Wasiriya Beds Rusinga Island 
Perissodactyla Equus  Wasiriya Beds Rusinga Island 
Perissodactyla Equus  Wasiriya Beds Rusinga Island 
Perissodactyla Equus  Wasiriya Beds Rusinga Island 
Perissodactyla Equus  Wasiriya Beds Rusinga Island 
Perissodactyla Equus  Wasiriya Beds Rusinga Island 
Perissodactyla Equus   Karungu 
Perissodactyla Equus   Karungu 
Perissodactyla Equus   Karungu 
Perissodactyla Equus   Karungu 
Perissodactyla Equus   Karungu 
Perissodactyla Equus   Karungu 
Perissodactyla Equus   Karungu 
Perissodactyla Equus   Karungu 
Perissodactyla Equus   Karungu 
Perissodactyla Equus   Karungu 
Perissodactyla Equus   Karungu 
Perissodactyla Equus   Karungu 
Perissodactyla Equus   Karungu 
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Perissodactyla Equus   Karungu 
Proboscidea Loxodonta   Karungu 
Artiodactyla Alcelaphini Kanjera KN-5 Kanjera North 
Artiodactyla Alcelaphini Kanjera KN-5 Kanjera North 
Artiodactyla Antilopini Kanjera KN-5 Kanjera Middle 
Artiodactyla Antilopini Kanjera KN-5 Kanjera Middle 
Artiodactyla Antilopini Kanjera KN-5 Kanjera Middle 
Artiodactyla Antilopini Kanjera KN-5 Kanjera North 
Artiodactyla Antilopini Kanjera KN-5 Kanjera North 
Artiodactyla Bovidae Kanjera KN-5 Kanjera North 
Artiodactyla Bovidae Kanjera KN-5 Kanjera North 
Artiodactyla Bovidae Kanjera KN-5 Kanjera North 
Artiodactyla Bovini Kanjera KN-5 Kanjera North 
Artiodactyla Bovini Kanjera KN-5 Kanjera North 
Artiodactyla Bovini Kanjera KN-5 Kanjera North 
Artiodactyla Hippopotamidae Kanjera KN-5 Kanjera North 
Artiodactyla Hippopotamidae Kanjera KN-5 Kanjera North 
Artiodactyla Hippopotamidae Kanjera KN-5 Kanjera North 
Artiodactyla Hippopotamidae Kanjera KN-5 Kanjera North 
Artiodactyla Hippopotamidae Kanjera KN-5 Kanjera North 
Artiodactyla Hippopotamidae Kanjera KN-5 Kanjera North 
Artiodactyla Hippopotamidae Kanjera KN-5 Kanjera North 
Artiodactyla Hippopotamidae Kanjera KN-5 Kanjera North 
Artiodactyla Hippopotamidae Kanjera KN-5 Kanjera North 
Artiodactyla Hippopotamidae Kanjera KN-5 Kanjera North 
Artiodactyla Hippopotamidae Kanjera KN-5 Kanjera North 
Artiodactyla Hippotragini Kanjera KN-5 Kanjera North 
Artiodactyla Metridiochoerus/Phacochoerus Kanjera KN-5 Kanjera North 
Artiodactyla Potamochoerus/Kolpochoerus/Hylochoerus Kanjera KN-5 Kanjera North 
Artiodactyla Potamochoerus/Kolpochoerus/Hylochoerus Kanjera KN-5 Kanjera North 
Artiodactyla Sivatherium Kanjera KN-5 Kanjera North 
Artiodactyla Sivatherium Kanjera KN-5 Kanjera North 
Artiodactyla Suidae Kanjera KN-5 Kanjera North 
Artiodactyla Suidae Kanjera KN-5 Kanjera North 
Artiodactyla Suidae Kanjera KN-5 Kanjera North 
Artiodactyla Suidae Kanjera KN-5 Kanjera North 
Artiodactyla Suidae Kanjera KN-5 Kanjera North 
Artiodactyla Suidae Kanjera KN-5 Kanjera North 
Artiodactyla Suidae Kanjera KN-5 Kanjera North 
Artiodactyla Suidae Kanjera KN-5 Kanjera North 
Artiodactyla Suidae Kanjera KN-5 Kanjera North 
Artiodactyla Suidae Kanjera KN-5 Kanjera North 
Artiodactyla Suidae Kanjera KN-5 Kanjera North 
Artiodactyla Tragelaphini Kanjera KN-5 Kanjera Middle 
Artiodactyla Tragelaphini Kanjera KN-5 Kanjera North 
Perissodactyla Equidae Kanjera KN-5 Kanjera North 
Perissodactyla Equidae Kanjera KN-5 Kanjera North 
Artiodactyla Alcelaphini Busidima    
Artiodactyla Alcelaphini Busidima    
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Artiodactyla Alcelaphini Busidima    
Artiodactyla Antilopini Busidima    
Artiodactyla Antilopini Busidima    
Artiodactyla Antilopini Busidima    
Artiodactyla Antilopini Busidima    
Artiodactyla Antilopini Busidima    
Artiodactyla Antilopini Busidima    
Artiodactyla Antilopini Busidima    
Artiodactyla Antilopini Busidima    
Artiodactyla Bovini Busidima    
Artiodactyla Bovini Busidima    
Artiodactyla Bovini Busidima    
Artiodactyla Bovini Busidima    
Artiodactyla Bovini Busidima    
Artiodactyla Bovini Busidima    
Artiodactyla Bovini Busidima    
Artiodactyla Bovini Busidima    
Artiodactyla Bovini Busidima    
Artiodactyla Bovini Busidima    
Artiodactyla Bovini Busidima    
Artiodactyla Bovini Busidima    
Artiodactyla Giraffa Busidima    
Artiodactyla Giraffa Busidima    
Artiodactyla Hippopotamidae Busidima    
Artiodactyla Hippopotamidae Busidima    
Artiodactyla Hippopotamidae Busidima    
Artiodactyla Hippotragini Busidima    
Artiodactyla Hippotragini Busidima    
Artiodactyla Metridiochoerus/Phacochoerus Busidima    
Artiodactyla Potamochoerus/Kolpochoerus/Hylochoerus Busidima    
Artiodactyla Potamochoerus/Kolpochoerus/Hylochoerus Busidima    
Artiodactyla Reduncini Busidima    
Artiodactyla Reduncini Busidima    
Artiodactyla Reduncini Busidima    
Artiodactyla Reduncini Busidima    
Artiodactyla Reduncini Busidima    
Artiodactyla Reduncini Busidima    
Artiodactyla Reduncini Busidima    
Artiodactyla Reduncini Busidima    
Artiodactyla Reduncini Busidima    
Artiodactyla Reduncini Busidima    
Artiodactyla Reduncini Busidima    
Artiodactyla Reduncini Busidima    
Artiodactyla Reduncini Busidima    
Artiodactyla Tragelaphini Busidima    
Artiodactyla Tragelaphini Busidima    
Artiodactyla Tragelaphini Busidima    
Perissodactyla Diceros/Rhino MB Busidima    
Proboscidea Elephas Busidima    
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Proboscidea Elephas Busidima    
Artiodactyla Alcelaphini Kanjera KN-3 Kanjera North 
Artiodactyla Alcelaphini Kanjera KN-3 Kanjera North 
Artiodactyla Alcelaphini Kanjera KN-3 Kanjera North 
Artiodactyla Alcelaphini Kanjera KN-3 Kanjera North 
Artiodactyla Alcelaphini Kanjera KN-3/4 Kanjera North 
Artiodactyla Alcelaphini Kanjera KN-3/4 Kanjera North 
Artiodactyla Alcelaphini Kanjera KN-3/4 Kanjera North 
Artiodactyla Alcelaphini Kanjera KN-3/4 Kanjera North 
Artiodactyla Alcelaphini Kanjera KN-4 Kanjera North 
Artiodactyla Alcelaphini Kanjera KN-4 Kanjera North 
Artiodactyla Alcelaphini Kanjera KN-4 Kanjera North 
Artiodactyla Antilopini Kanjera KN-3 Kanjera North 
Artiodactyla Bovidae Kanjera KN-4 Kanjera North 
Artiodactyla Bovidae Kanjera KN-4 Kanjera North 
Artiodactyla Bovini Kanjera KN-3/4 Kanjera North 
Artiodactyla Bovini Kanjera KN-4/ApN Kanjera North 
Artiodactyla Hippopotamidae Kanjera KN-4 Kanjera North 
Artiodactyla Hippopotamidae Kanjera KN-4 Kanjera North 
Artiodactyla Hippopotamidae Kanjera KN-4 Kanjera North 
Artiodactyla Hippopotamidae Kanjera KN-4 Kanjera North 
Artiodactyla Hippotragini Kanjera KN-3/4 Kanjera North 
Artiodactyla Metridiochoerus/Phacochoerus Kanjera KN-3 Kanjera North 
Artiodactyla Sivatherium Kanjera KN-3 Kanjera North 
Artiodactyla Tragelaphini Kanjera KN-3 Kanjera North 
Perissodactyla Ceratotherium/Rhino G Kanjera KN-4 Kanjera North 
Perissodactyla Equidae Kanjera KN-3 Kanjera North 
Artiodactyla Alcelaphini Kasibos  Kanam East 
Artiodactyla Alcelaphini Kasibos  Kanam East 
Artiodactyla Alcelaphini Kasibos  Kanam East 
Artiodactyla Alcelaphini Kasibos  Kanam East 
Artiodactyla Alcelaphini Kasibos  Kanam East 
Artiodactyla Alcelaphini Kasibos  Kanam East 
Artiodactyla Alcelaphini Kasibos  Kanam East 
Artiodactyla Alcelaphini Kasibos  Kanam East 
Artiodactyla Antilopini Kasibos  Kanam East 
Artiodactyla Antilopini Kasibos  Kanam East 
Artiodactyla Antilopini Kasibos  Kanam East 
Artiodactyla Antilopini Kasibos  Kanam East 
Artiodactyla Bovidae Kasibos  Kanam East 
Artiodactyla Bovidae Kasibos  Kanam East 
Artiodactyla Bovidae Kasibos  Kanam East 
Artiodactyla Bovidae Kasibos  Kanam East 
Artiodactyla Bovidae Kasibos  Kanam East 
Artiodactyla Bovidae Kasibos  Kanam East 
Artiodactyla Bovidae Kasibos  Kanam East 
Artiodactyla Bovidae Kasibos  Kanam East 
Artiodactyla Hippopotamidae Kasibos  Kanam East 
Artiodactyla Hippopotamidae Kasibos  Kanam East 
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Artiodactyla Hippotragini Kasibos  Kanam East 
Artiodactyla Potamochoerus/Kolpochoerus/Hylochoerus Kasibos  Kanam East 
Artiodactyla Potamochoerus/Kolpochoerus/Hylochoerus Kasibos  Kanam East 
Artiodactyla Potamochoerus/Kolpochoerus/Hylochoerus Kasibos  Kanam East 
Artiodactyla Potamochoerus/Kolpochoerus/Hylochoerus Kasibos  Kanam East 
Artiodactyla Potamochoerus/Kolpochoerus/Hylochoerus Kasibos  Kanam East 
Artiodactyla Reduncini Kasibos  Kanam East 
Artiodactyla Reduncini Kasibos  Kanam East 
Artiodactyla Reduncini Kasibos  Kanam East 
Artiodactyla Reduncini Kasibos  Kanam East 
Artiodactyla Reduncini Kasibos  Kanam East 
Artiodactyla Suidae Kasibos  Kanam East 
Artiodactyla Suidae Kasibos  Kanam East 
Artiodactyla Tragelaphini Kasibos  Kanam East 
Artiodactyla Tragelaphini Kasibos  Kanam East 
Carnivora Carnivora Kasibos?  Kanam East 
Perissodactyla Equidae Kasibos Bottom Kanam East 
Perissodactyla Equidae Kasibos  Kanam East 
Perissodactyla Equidae Kasibos  Kanam East 
Perissodactyla Equidae Kasibos  Kanam East 
Perissodactyla Equidae Kasibos  Kanam East 
Artiodactyla Alcelaphini Humbu USCM 
Peninj 
Maritanane 
Artiodactyla Alcelaphini Humbu USCM 
Peninj 
Maritanane 
Artiodactyla Alcelaphini Humbu USCM 
Peninj 
Maritanane 
Artiodactyla Alcelaphini Humbu USCM 
Peninj 
Maritanane 
Artiodactyla Alcelaphini Humbu USCM 
Peninj 
Maritanane 
Artiodactyla Antilopini Humbu USCM 
Peninj 
Maritanane 
Artiodactyla Bovidae Humbu USCM 
Peninj 
Maritanane 
Artiodactyla Bovidae Humbu USCM 
Peninj 
Maritanane 
Artiodactyla Bovidae Humbu USCM 
Peninj 
Maritanane 
Artiodactyla Bovidae Humbu USCM 
Peninj 
Maritanane 
Artiodactyla Bovidae Humbu USCM 
Peninj 
Maritanane 
Artiodactyla Bovidae Humbu USCM 
Peninj 
Maritanane 
Artiodactyla Bovidae Humbu USCM 
Peninj 
Maritanane 
Artiodactyla Hippopotamidae Humbu USCM 
Peninj 
Maritanane 
Artiodactyla Hippopotamidae Humbu USCM 
Peninj 
Maritanane 




Artiodactyla Hippotragini Humbu USCM 
Peninj 
Maritanane 
Artiodactyla Metridiochoerus/Phacochoerus Humbu USCM 
Peninj 
Maritanane 
Artiodactyla Metridiochoerus/Phacochoerus Humbu USCM 
Peninj 
Maritanane 
Artiodactyla Potamochoerus/Kolpochoerus/Hylochoerus Humbu USCM 
Peninj 
Maritanane 
Artiodactyla Potamochoerus/Kolpochoerus/Hylochoerus Humbu USCM 
Peninj 
Maritanane 
Artiodactyla Potamochoerus/Kolpochoerus/Hylochoerus Humbu USCM 
Peninj 
Maritanane 
Artiodactyla Reduncini Humbu USCM 
Peninj 
Maritanane 
Artiodactyla Reduncini Humbu USCM 
Peninj 
Maritanane 
Artiodactyla Reduncini Humbu USCM 
Peninj 
Maritanane 
Artiodactyla Tragelaphini Humbu USCM 
Peninj 
Maritanane 
Perissodactyla Ceratotherium/Rhino G Humbu USCM 
Peninj 
Maritanane 
Perissodactyla Equus Humbu USCM 
Peninj 
Maritanane 
Perissodactyla Equus Humbu USCM 
Peninj 
Maritanane 
Perissodactyla Equus Humbu USCM 
Peninj 
Maritanane 
Perissodactyla Equus Humbu USCM 
Peninj 
Maritanane 
Perissodactyla Equus Humbu USCM 
Peninj 
Maritanane 
Perissodactyla Equus Humbu USCM 
Peninj 
Maritanane 
Perissodactyla Equus Humbu USCM 
Peninj 
Maritanane 
Perissodactyla Equus Humbu USCM 
Peninj 
Maritanane 
Perissodactyla Equus Humbu USCM 
Peninj 
Maritanane 
Artiodactyla Alcelaphini Kanjera KN-2A  Kanjera North 
Artiodactyla Antilopini Kanjera KN-2A  Kanjera North 
Artiodactyla Bovini Kanjera KN-2A  Kanjera North 
Artiodactyla Hippopotamidae Kanjera KN-2a Kanjera North 
Artiodactyla Hippopotamidae Kanjera KN-2A Kanjera North 
Artiodactyla Potamochoerus/Kolpochoerus/Hylochoerus Kanjera KN-2a Kanjera North 
Artiodactyla Suidae Kanjera KN-2a Kanjera North 
Artiodactyla Tragelaphini Kanjera KN-2a Kanjera North 
Artiodactyla Alcelaphini  Lowermost Bed II Olduvai East 
Artiodactyla Alcelaphini  Lowermost Bed II Olduvai East 
Artiodactyla Alcelaphini  Lowermost Bed II Olduvai East 
Artiodactyla Alcelaphini  Lowermost Bed II Olduvai East 
Artiodactyla Alcelaphini  Lowermost Bed II Olduvai East 
Artiodactyla Alcelaphini  Lowermost Bed II Olduvai East 
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Artiodactyla Alcelaphini  Lowermost Bed II Olduvai East 
Artiodactyla Alcelaphini  Lowermost Bed II Olduvai East 
Artiodactyla Alcelaphini  Lowermost Bed II Olduvai East 
Artiodactyla Alcelaphini  Lowermost Bed II Olduvai East 
Artiodactyla Alcelaphini  Lowermost Bed II Olduvai East 
Artiodactyla Alcelaphini  Lowermost Bed II Olduvai East 
Artiodactyla Alcelaphini  Lowermost Bed II Olduvai East 
Artiodactyla Alcelaphini  Lowermost Bed II Olduvai East 
Artiodactyla Alcelaphini  Lowermost Bed II Olduvai East 
Artiodactyla Alcelaphini  Lowermost Bed II Olduvai East 
Artiodactyla Alcelaphini  Lowermost Bed II Olduvai East 
Artiodactyla Alcelaphini  Lowermost Bed II Olduvai East 
Artiodactyla Antilopini  Lowermost Bed II Olduvai East 
Artiodactyla Antilopini  Lowermost Bed II Olduvai East 
Artiodactyla Antilopini  Lowermost Bed II Olduvai East 
Artiodactyla Antilopini  Lowermost Bed II Olduvai East 
Artiodactyla Antilopini  Lowermost Bed II Olduvai East 
Artiodactyla Antilopini  Lowermost Bed II Olduvai East 
Artiodactyla Antilopini  Lowermost Bed II Olduvai East 
Artiodactyla Antilopini  Lowermost Bed II Olduvai East 
Artiodactyla Antilopini  Lowermost Bed II Olduvai East 
Artiodactyla Giraffa  Lowermost Bed II Olduvai East 
Artiodactyla Giraffa  Lowermost Bed II Olduvai East 
Artiodactyla Giraffa  Lowermost Bed II Olduvai East 
Artiodactyla Hippopotamidae  Lower Bed II Olduvai East 
Artiodactyla Hippopotamidae  Lower Bed II Olduvai East 
Artiodactyla Hippopotamidae  Lower Bed II Olduvai East 
Artiodactyla Hippopotamidae  Lowermost Bed II Olduvai East 
Artiodactyla Hippopotamidae  Lowermost Bed II Olduvai East 
Artiodactyla Hippopotamidae  Lowermost Bed II Olduvai East 
Artiodactyla Hippopotamidae  Lowermost Bed II Olduvai East 
Artiodactyla Hippopotamidae  Lowermost Bed II Olduvai East 
Artiodactyla Hippopotamidae  Lowermost Bed II Olduvai East 
Artiodactyla Hippopotamidae  Lowermost Bed II Olduvai East 
Artiodactyla Hippopotamidae  Lowermost Bed II Olduvai East 
Artiodactyla Hippotragini  Lowermost Bed II Olduvai East 
Artiodactyla Hippotragini  Lowermost Bed II Olduvai East 
Artiodactyla Hippotragini  Lowermost Bed II Olduvai East 
Artiodactyla Hippotragini  Lowermost Bed II Olduvai East 
Artiodactyla Hippotragini  Lowermost Bed II Olduvai East 
Artiodactyla Hippotragini  Lowermost Bed II Olduvai East 
Artiodactyla Hippotragini  Lowermost Bed II Olduvai East 
Artiodactyla Hippotragini  Lowermost Bed II Olduvai East 
Artiodactyla Hippotragini  Lowermost Bed II Olduvai East 
Artiodactyla Metridiochoerus/Phacochoerus  Lowermost Bed II Olduvai East 
Artiodactyla Metridiochoerus/Phacochoerus  Lowermost Bed II Olduvai East 
Artiodactyla Metridiochoerus/Phacochoerus  Lowermost Bed II Olduvai East 
Artiodactyla Metridiochoerus/Phacochoerus  Lowermost Bed II Olduvai East 
Artiodactyla Potamochoerus/Kolpochoerus/Hylochoerus  Lowermost Bed II Olduvai East 
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Artiodactyla Potamochoerus/Kolpochoerus/Hylochoerus  Lowermost Bed II Olduvai East 
Artiodactyla Potamochoerus/Kolpochoerus/Hylochoerus  Lowermost Bed II Olduvai East 
Artiodactyla Potamochoerus/Kolpochoerus/Hylochoerus  Lowermost Bed II Olduvai East 
Artiodactyla Potamochoerus/Kolpochoerus/Hylochoerus  Lowermost Bed II Olduvai East 
Artiodactyla Potamochoerus/Kolpochoerus/Hylochoerus  Lowermost Bed II Olduvai East 
Artiodactyla Potamochoerus/Kolpochoerus/Hylochoerus  Lowermost Bed II Olduvai East 
Artiodactyla Potamochoerus/Kolpochoerus/Hylochoerus  Lowermost Bed II Olduvai East 
Artiodactyla Reduncini  Lowermost Bed II Olduvai East 
Artiodactyla Sivatherium  Lowermost Bed II Olduvai East 
Artiodactyla Sivatherium  Lowermost Bed II Olduvai East 
Artiodactyla Sivatherium  Lowermost Bed II Olduvai East 
Artiodactyla Tragelaphini  Lowermost Bed II Olduvai East 
Artiodactyla Tragelaphini  Lowermost Bed II Olduvai East 
Artiodactyla Tragelaphini  Lowermost Bed II Olduvai East 
Artiodactyla Tragelaphini  Lowermost Bed II Olduvai East 
Artiodactyla Tragelaphini  Lowermost Bed II Olduvai East 
Artiodactyla Tragelaphini  Lowermost Bed II Olduvai East 
Perissodactyla Equidae  Lowermost Bed II Olduvai East 
Perissodactyla Equidae  Lowermost Bed II Olduvai East 
Perissodactyla Equidae  Lowermost Bed II Olduvai East 
Perissodactyla Equidae  Lowermost Bed II Olduvai East 
Perissodactyla Equidae  Lowermost Bed II Olduvai East 
Perissodactyla Equidae  Lowermost Bed II Olduvai East 
Perissodactyla Equidae  Lowermost Bed II Olduvai East 
Perissodactyla Equus  Lowermost Bed II Olduvai East 
Perissodactyla Equus  Lowermost Bed II Olduvai East 
Perissodactyla Equus  Lowermost Bed II Olduvai East 
Perissodactyla Equus  Lowermost Bed II Olduvai East 
Perissodactyla Equus  Lowermost Bed II Olduvai East 
Perissodactyla Equus  Lowermost Bed II Olduvai East 
Perissodactyla Equus  Lowermost Bed II Olduvai East 
Perissodactyla Equus  Lowermost Bed II Olduvai East 
Perissodactyla Equus  Lowermost Bed II Olduvai East 
Perissodactyla Hipparion/Eurygnathohippus  Lowermost Bed II Olduvai East 
Perissodactyla Hipparion/Eurygnathohippus  Lowermost Bed II Olduvai East 
Proboscidea Deinotherium  Lowermost Bed II Olduvai East 
Proboscidea Deinotherium  Lowermost Bed II Olduvai East 
Proboscidea Elephas  Lowermost Bed II Olduvai East 
Proboscidea Elephas  Lowermost Bed II Olduvai East 
Proboscidea Elephas  Lowermost Bed II Olduvai East 
Artiodactyla Alcelaphini  Middle Bed I Olduvai West 
Artiodactyla Alcelaphini  Middle Bed I Olduvai West 
Artiodactyla Alcelaphini  Middle Bed I Olduvai West 
Artiodactyla Alcelaphini  Middle Bed I Olduvai West 
Artiodactyla Alcelaphini  Middle Bed I Olduvai West 
Artiodactyla Alcelaphini  Middle Bed I Olduvai West 
Artiodactyla Alcelaphini  Middle Bed I Olduvai West 
Artiodactyla Alcelaphini  Middle Bed I Olduvai West 
Artiodactyla Alcelaphini  Middle Bed I Olduvai West 
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Artiodactyla Alcelaphini  Middle Bed I Olduvai West 
Artiodactyla Antilopini  Middle Bed I Olduvai West 
Artiodactyla Antilopini  Middle Bed I Olduvai West 
Artiodactyla Antilopini  Middle Bed I Olduvai West 
Artiodactyla Antilopini  Middle Bed I Olduvai West 
Artiodactyla Antilopini  Middle Bed I Olduvai West 
Artiodactyla Antilopini  Middle Bed I Olduvai West 
Artiodactyla Hippotragini  Middle Bed I Olduvai West 
Artiodactyla Metridiochoerus/Phacochoerus  Middle Bed I Olduvai West 
Artiodactyla Metridiochoerus/Phacochoerus  Middle Bed I Olduvai West 
Artiodactyla Reduncini  Middle Bed I Olduvai West 
Artiodactyla Reduncini  Middle Bed I Olduvai West 
Artiodactyla Reduncini  Middle Bed I Olduvai West 
Artiodactyla Bovidae Kanjera KS-5 Kanjera South 
Artiodactyla Bovidae Kanjera KS-5 Kanjera South 
Artiodactyla Metridiochoerus/Phacochoerus Kanjera KS-4 Kanjera South 
Artiodactyla Metridiochoerus/Phacochoerus Kanjera KS-4 Kanjera South 
Artiodactyla Metridiochoerus/Phacochoerus Kanjera KS-4 Kanjera South 
Artiodactyla Alcelaphini Kanjera KS-1 Kanjera South 
Artiodactyla Alcelaphini Kanjera KS-1 Kanjera South 
Artiodactyla Alcelaphini Kanjera KS-1 Kanjera South 
Artiodactyla Alcelaphini Kanjera KS-1 Kanjera South 
Artiodactyla Alcelaphini Kanjera KS-1 Kanjera South 
Artiodactyla Alcelaphini Kanjera KS-1 Kanjera South 
Artiodactyla Alcelaphini Kanjera KS-1 Kanjera South 
Artiodactyla Alcelaphini Kanjera KS-1 Kanjera South 
Artiodactyla Alcelaphini Kanjera KS-1 Kanjera South 
Artiodactyla Alcelaphini Kanjera KS-1 Kanjera South 
Artiodactyla Alcelaphini Kanjera KS-1  P Kanjera South 
Artiodactyla Alcelaphini Kanjera KS-1 C? Kanjera South 
Artiodactyla Alcelaphini Kanjera KS-1 P Kanjera South 
Artiodactyla Alcelaphini Kanjera KS-1 P Kanjera South 
Artiodactyla Alcelaphini Kanjera KS-1 P Kanjera South 
Artiodactyla Alcelaphini Kanjera KS-1 P Kanjera South 
Artiodactyla Alcelaphini Kanjera KS-1 P Kanjera South 
Artiodactyla Alcelaphini Kanjera KS-1 P Kanjera South 
Artiodactyla Alcelaphini Kanjera KS-1 P Kanjera South 
Artiodactyla Alcelaphini Kanjera KS-1 to KS-3 Kanjera South 
Artiodactyla Alcelaphini Kanjera KS-1/KS-2CP contact Kanjera South 
Artiodactyla Alcelaphini Kanjera KS-2 Kanjera South 
Artiodactyla Alcelaphini Kanjera KS-2 Kanjera South 
Artiodactyla Alcelaphini Kanjera KS-2 Kanjera South 
Artiodactyla Alcelaphini Kanjera KS-2 Kanjera South 
Artiodactyla Alcelaphini Kanjera KS-2 Kanjera South 
Artiodactyla Alcelaphini Kanjera KS-2 Kanjera South 
Artiodactyla Alcelaphini Kanjera KS-2 Kanjera South 
Artiodactyla Alcelaphini Kanjera KS-2 Kanjera South 
Artiodactyla Alcelaphini Kanjera KS-2 Kanjera South 
Artiodactyla Alcelaphini Kanjera KS-2 Kanjera South 
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Artiodactyla Alcelaphini Kanjera KS-2 Kanjera South 
Artiodactyla Alcelaphini Kanjera KS-2 Kanjera South 
Artiodactyla Alcelaphini Kanjera KS-2 CP Kanjera South 
Artiodactyla Alcelaphini Kanjera KS-2 CP Kanjera South 
Artiodactyla Alcelaphini Kanjera KS-2 CP Kanjera South 
Artiodactyla Alcelaphini Kanjera KS-2 CP Kanjera South 
Artiodactyla Alcelaphini Kanjera KS-2 CP Kanjera South 
Artiodactyla Alcelaphini Kanjera KS-2 G Kanjera South 
Artiodactyla Alcelaphini Kanjera KS-2 O Kanjera South 
Artiodactyla Alcelaphini Kanjera KS-2 O Kanjera South 
Artiodactyla Alcelaphini Kanjera KS-2 O Kanjera South 
Artiodactyla Alcelaphini Kanjera KS-2 O Kanjera South 
Artiodactyla Alcelaphini Kanjera KS-2 PS Kanjera South 
Artiodactyla Alcelaphini Kanjera KS-2 PS Kanjera South 
Artiodactyla Alcelaphini Kanjera KS-2 PS Kanjera South 
Artiodactyla Alcelaphini Kanjera KS-2 PS Kanjera South 
Artiodactyla Alcelaphini Kanjera KS-2 S Kanjera South 
Artiodactyla Alcelaphini Kanjera KS-2 S Kanjera South 
Artiodactyla Alcelaphini Kanjera KS-2 S Kanjera South 
Artiodactyla Alcelaphini Kanjera KS-2 S Kanjera South 
Artiodactyla Alcelaphini Kanjera KS-2 S Kanjera South 
Artiodactyla Alcelaphini Kanjera KS-2/4 Kanjera South 
Artiodactyla Alcelaphini Kanjera KS-3 Kanjera South 
Artiodactyla Alcelaphini Kanjera KS-3 Kanjera South 
Artiodactyla Alcelaphini Kanjera KS-3 CP Kanjera South 
Artiodactyla Alcelaphini Kanjera KS-3 LG Kanjera South 
Artiodactyla Alcelaphini Kanjera KS-3 LG Kanjera South 
Artiodactyla Alcelaphini Kanjera KS-4? Kanjera South 
Artiodactyla Antilopini Kanjera KS-1 Kanjera South 
Artiodactyla Antilopini Kanjera KS-2 Kanjera South 
Artiodactyla Antilopini Kanjera KS-2 Kanjera South 
Artiodactyla Antilopini Kanjera KS-2 Kanjera South 
Artiodactyla Antilopini Kanjera KS-2 Kanjera South 
Artiodactyla Antilopini Kanjera KS-2 Kanjera South 
Artiodactyla Antilopini Kanjera KS-2 Kanjera South 
Artiodactyla Antilopini Kanjera KS-2 Kanjera South 
Artiodactyla Antilopini Kanjera KS-2 Kanjera South 
Artiodactyla Antilopini Kanjera KS-2 Kanjera South 
Artiodactyla Antilopini Kanjera KS-2 Kanjera South 
Artiodactyla Antilopini Kanjera KS-2 Kanjera South 
Artiodactyla Antilopini Kanjera KS-2 Kanjera South 
Artiodactyla Antilopini Kanjera KS-2 Kanjera South 
Artiodactyla Antilopini Kanjera KS-2 Kanjera South 
Artiodactyla Antilopini Kanjera KS-2 Kanjera South 
Artiodactyla Antilopini Kanjera KS-2 Kanjera South 
Artiodactyla Antilopini Kanjera KS-2 Kanjera South 
Artiodactyla Antilopini Kanjera KS-2 Kanjera South 
Artiodactyla Antilopini Kanjera KS-2 CP Kanjera South 
Artiodactyla Antilopini Kanjera KS-2 PS Kanjera South 
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Artiodactyla Antilopini Kanjera KS-2 S Kanjera South 
Artiodactyla Antilopini Kanjera KS-2 S brown Kanjera South 
Artiodactyla Antilopini Kanjera KS-2/3 Kanjera South 
Artiodactyla Antilopini Kanjera KS-5 Kanjera South 
Artiodactyla Bovidae Kanjera KS-1 Kanjera South 
Artiodactyla Bovidae Kanjera KS-1 Kanjera South 
Artiodactyla Bovidae Kanjera KS-1 S Kanjera South 
Artiodactyla Bovidae Kanjera KS-2 O Kanjera South 
Artiodactyla Bovidae Kanjera KS-2 O Kanjera South 
Artiodactyla Bovidae Kanjera KS-3 Kanjera South 
Artiodactyla Bovidae Kanjera KS-3 Kanjera South 
Artiodactyla Bovidae Kanjera KS-3 Kanjera South 
Artiodactyla Bovidae Kanjera KS-3 Kanjera South 
Artiodactyla Bovidae Kanjera KS-3 Kanjera South 
Artiodactyla Bovidae Kanjera KS-3 Kanjera South 
Artiodactyla Bovidae Kanjera KS-3 Kanjera South 
Artiodactyla Bovidae Kanjera KS-3 Kanjera South 
Artiodactyla Bovidae Kanjera KS-3 Kanjera South 
Artiodactyla Bovidae Kanjera KS-3 CP Kanjera South 
Artiodactyla Bovidae Kanjera KS-3 CP Kanjera South 
Artiodactyla Bovidae Kanjera KS-3 LG Kanjera South 
Artiodactyla Bovidae Kanjera KS-3 LG Kanjera South 
Artiodactyla Bovidae Kanjera KS-3 LG Kanjera South 
Artiodactyla Bovidae Kanjera KS-3 LG/scree Kanjera South 
Artiodactyla Bovidae Kanjera KS-4 Kanjera South 
Artiodactyla Bovini Kanjera KS-2 Kanjera South 
Artiodactyla Bovini Kanjera KS-2 CP Kanjera South 
Artiodactyla Hippopotamidae Kanjera KS-1 Kanjera South 
Artiodactyla Hippopotamidae Kanjera KS-1 P Kanjera South 
Artiodactyla Hippopotamidae Kanjera KS-2 Kanjera South 
Artiodactyla Hippopotamidae Kanjera KS-2 Kanjera South 
Artiodactyla Hippopotamidae Kanjera KS-2 Kanjera South 
Artiodactyla Hippopotamidae Kanjera KS-2 Kanjera South 
Artiodactyla Hippopotamidae Kanjera KS-2 Kanjera South 
Artiodactyla Hippopotamidae Kanjera KS-2 Kanjera South 
Artiodactyla Hippopotamidae Kanjera KS-2 Kanjera South 
Artiodactyla Hippopotamidae Kanjera KS-4 Kanjera South 
Artiodactyla Hippopotamidae Kanjera  Kanjera South 
Artiodactyla Hippotragini Kanjera KS-1/3 Kanjera South 
Artiodactyla Hippotragini Kanjera KS-4 Kanjera South 
Artiodactyla Hippotragini Kanjera scree Kanjera South 
Artiodactyla Metridiochoerus/Phacochoerus Kanjera KS-1 to KS-3 Kanjera South 
Artiodactyla Metridiochoerus/Phacochoerus Kanjera KS-1 to KS-3 Kanjera South 
Artiodactyla Metridiochoerus/Phacochoerus Kanjera KS-1 to KS-3 Kanjera South 
Artiodactyla Metridiochoerus/Phacochoerus Kanjera KS-2 Kanjera South 
Artiodactyla Metridiochoerus/Phacochoerus Kanjera KS-2 Kanjera South 
Artiodactyla Metridiochoerus/Phacochoerus Kanjera KS-2/3 Kanjera South 
Artiodactyla Metridiochoerus/Phacochoerus Kanjera KS-2/3 Kanjera South 
Artiodactyla Reduncini Kanjera - Kanjera South 
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Artiodactyla Reduncini Kanjera KS-1 Kanjera South 
Artiodactyla Reduncini Kanjera KS-1 SG Kanjera South 
Artiodactyla Reduncini Kanjera KS-2 Kanjera South 
Artiodactyla Reduncini Kanjera KS-2 Kanjera South 
Artiodactyla Reduncini Kanjera KS-2 Kanjera South 
Artiodactyla Reduncini Kanjera KS-2 Kanjera South 
Artiodactyla Reduncini Kanjera KS-2 Kanjera South 
Artiodactyla Reduncini Kanjera KS-2 Kanjera South 
Artiodactyla Reduncini Kanjera KS-2 O Kanjera South 
Artiodactyla Reduncini Kanjera KS-2 O Kanjera South 
Artiodactyla Reduncini Kanjera KS-2 PS Kanjera South 
Artiodactyla Reduncini Kanjera KS-3 LG Kanjera South 
Artiodactyla Suidae Kanjera ?? KS-1 thru 3 Kanjera South 
Artiodactyla Suidae Kanjera KS-1 Kanjera South 
Artiodactyla Suidae Kanjera KS-1 Kanjera South 
Artiodactyla Suidae Kanjera KS-1 Kanjera South 
Artiodactyla Suidae Kanjera KS-1 Kanjera South 
Artiodactyla Suidae Kanjera KS-2 Kanjera South 
Artiodactyla Suidae Kanjera KS-2 Kanjera South 
Artiodactyla Suidae Kanjera KS-2 CP Kanjera South 
Artiodactyla Suidae Kanjera KS-2 ps Kanjera South 
Artiodactyla Suidae Kanjera KS-2 S Kanjera South 
Artiodactyla Suidae Kanjera KS-2/KS-3 Kanjera South 
Artiodactyla Suidae Kanjera KS-3 Kanjera South 
Artiodactyla Suidae Kanjera KS-3 Kanjera South 
Artiodactyla Suidae Kanjera scree Kanjera South 
Artiodactyla Suidae Kanjera  Kanjera South 
Artiodactyla Tragelaphini Kanjera KS-2 Kanjera South 
Artiodactyla Tragelaphini Kanjera KS-2 Kanjera South 
Artiodactyla Tragelaphini Kanjera KS-2 O Kanjera South 
Artiodactyla Tragelaphini Kanjera KS-3 Kanjera South 
Carnivora Carnivora Kanjera KS-1 to KS-3 Kanjera South 
Perissodactyla Ceratotherium/Rhino G Kanjera KS-1 to KS-3 Kanjera South 
Perissodactyla Equidae Kanjera KS-1 Kanjera South 
Perissodactyla Equidae Kanjera KS-1 Kanjera South 
Perissodactyla Equidae Kanjera KS-1 P Kanjera South 
Perissodactyla Equidae Kanjera KS-1/2 Kanjera South 
Perissodactyla Equidae Kanjera KS-2 CP Kanjera South 
Perissodactyla Equidae Kanjera KS-2 G Kanjera South 
Perissodactyla Equidae Kanjera KS-2 O Kanjera South 
Perissodactyla Equidae Kanjera KS-2 O Kanjera South 
Perissodactyla Equidae Kanjera KS-2 O Kanjera South 
Perissodactyla Equidae Kanjera KS-2 O Kanjera South 
Perissodactyla Equidae Kanjera KS-2 PS Kanjera South 
Perissodactyla Equidae Kanjera KS-2 PS Kanjera South 
Perissodactyla Equidae Kanjera KS-2 PS Kanjera South 
Perissodactyla Equidae Kanjera KS-2 PS Kanjera South 
Perissodactyla Equidae Kanjera KS-2 PS Kanjera South 
Perissodactyla Equidae Kanjera KS-3 CP Kanjera South 
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Perissodactyla Equidae Kanjera KS-3 CP Kanjera South 
Perissodactyla Equidae Kanjera KS-3 O Kanjera South 
Perissodactyla Equidae Kanjera KS-5 Kanjera South 
Perissodactyla Equus Kanjera KS-1 Kanjera South 
Perissodactyla Equus Kanjera KS-2 Kanjera South 
Perissodactyla Equus Kanjera KS-2 Kanjera South 
Perissodactyla Equus Kanjera KS-2 Kanjera South 
Perissodactyla Equus Kanjera KS-2 CP Kanjera South 
Perissodactyla Hipparion/Eurygnathohippus Kanjera KS-1 Kanjera South 
Perissodactyla Hipparion/Eurygnathohippus Kanjera KS-1 Kanjera South 
Perissodactyla Hipparion/Eurygnathohippus Kanjera KS-1 Kanjera South 
Perissodactyla Hipparion/Eurygnathohippus Kanjera KS-1 Kanjera South 
Perissodactyla Hipparion/Eurygnathohippus Kanjera KS-1 P Kanjera South 
Perissodactyla Hipparion/Eurygnathohippus Kanjera KS-1 P Kanjera South 
Perissodactyla Hipparion/Eurygnathohippus Kanjera KS-2 Kanjera South 
Perissodactyla Hipparion/Eurygnathohippus Kanjera KS-2 Kanjera South 
Perissodactyla Hipparion/Eurygnathohippus Kanjera KS-2 Kanjera South 
Perissodactyla Hipparion/Eurygnathohippus Kanjera KS-2 Kanjera South 
Perissodactyla Hipparion/Eurygnathohippus Kanjera KS-2 CP Kanjera South 
Proboscidea Deinotherium Kanjera KS-1 to KS-3 Kanjera South 
Proboscidea Deinotherium Kanjera KS-1 to KS-3 Kanjera South 
Proboscidea Deinotherium Kanjera KS-2/KS-3 Kanjera South 
Proboscidea Elephantidae Kanjera KS-1 to KS-3 Kanjera South 
Proboscidea Elephantidae Kanjera KS-3 Kanjera South 
Proboscidea Proboscidean   Kanjera South 
Artiodactyla Alcelaphini   Nyayanga 
Artiodactyla Alcelaphini   Nyayanga 
Artiodactyla Alcelaphini   Nyayanga 
Artiodactyla Alcelaphini   Nyayanga 
Artiodactyla Alcelaphini   Nyayanga 
Artiodactyla Alcelaphini   Nyayanga 
Artiodactyla Alcelaphini   Nyayanga 
Artiodactyla Antilopini   Nyayanga 
Artiodactyla Antilopini   Nyayanga 
Artiodactyla Antilopini   Nyayanga 
Artiodactyla Bovidae   Nyayanga 
Artiodactyla Bovidae   Nyayanga 
Artiodactyla Bovidae   Nyayanga 
Artiodactyla Bovidae   Nyayanga 
Artiodactyla Bovidae   Nyayanga 
Artiodactyla Bovidae   Nyayanga 
Artiodactyla Bovidae   Nyayanga 
Artiodactyla Bovidae   Nyayanga 
Artiodactyla Bovidae   Nyayanga 
Artiodactyla Bovini   Nyayanga 
Artiodactyla Giraffidae   Nyayanga 
Artiodactyla Hippopotamidae Nyayonga  Nyayanga 
Artiodactyla Hippopotamidae   Nyayanga 
Artiodactyla Hippopotamidae   Nyayanga 
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Artiodactyla Hippopotamidae   Nyayanga 
Artiodactyla Hippopotamidae   Nyayanga 
Artiodactyla Hippopotamidae   Nyayanga 
Artiodactyla Hippopotamidae   Nyayanga 
Artiodactyla Hippopotamidae   Nyayanga 
Artiodactyla Hippopotamidae   Nyayanga 
Artiodactyla Hippopotamidae   Nyayanga 
Artiodactyla Hippopotamidae   Nyayanga 
Artiodactyla Hippopotamidae   Nyayanga 
Artiodactyla Hippopotamidae   Nyayanga 
Artiodactyla Hippopotamidae   Nyayanga 
Artiodactyla Metridiochoerus/Phacochoerus   Nyayanga 
Artiodactyla Metridiochoerus/Phacochoerus   Nyayanga 
Artiodactyla Potamochoerus/Kolpochoerus/Hylochoerus   Nyayanga 
Artiodactyla Reduncini   Nyayanga 
Artiodactyla Reduncini   Nyayanga 
Artiodactyla Reduncini   Nyayanga 
Artiodactyla Suidae   Nyayanga 
Artiodactyla Suidae   Nyayanga 
Artiodactyla Suidae   Nyayanga 
Artiodactyla Tragelaphini   Nyayanga 
Artiodactyla Tragelaphini   Nyayanga 
Artiodactyla Tragelaphini   Nyayanga 
Artiodactyla Tragelaphini   Nyayanga 
Artiodactyla Tragelaphini   Nyayanga 
Artiodactyla Tragelaphini   Nyayanga 
Carnivora Carnivora   Nyayanga 
Perissodactyla Ceratotherium/Rhino G   Nyayanga 
Perissodactyla Ceratotherium/Rhino G   Nyayanga 
Perissodactyla Ceratotherium/Rhino G   Nyayanga 
Perissodactyla Ceratotherium/Rhino G   Nyayanga 
Perissodactyla Diceros/Rhino MB   Nyayanga 
Perissodactyla Diceros/Rhino MB   Nyayanga 
Perissodactyla Diceros/Rhino MB   Nyayanga 
Perissodactyla Equidae   Nyayanga 
Perissodactyla Equidae   Nyayanga 
Perissodactyla Equidae   Nyayanga 
Perissodactyla Equidae   Nyayanga 
Perissodactyla Equidae   Nyayanga 
Perissodactyla Equidae   Nyayanga 
Perissodactyla Equidae   Nyayanga 
Perissodactyla Hipparion/Eurygnathohippus   Nyayanga 
Proboscidea Deinotherium   Nyayanga 
Proboscidea Elephantidae   Nyayanga 
Proboscidea Elephas   Nyayanga 
Proboscidea Loxodonta   Nyayanga 
Proboscidea Proboscidean   Nyayanga 
Proboscidea Proboscidean   Nyayanga 
Artiodactyla Alcelaphini UNB  Laetoli 
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Artiodactyla Alcelaphini UNB  Laetoli 
Artiodactyla Alcelaphini UNB  Laetoli 
Artiodactyla Alcelaphini UNB  Laetoli 
Artiodactyla Alcelaphini UNB  Laetoli 
Artiodactyla Alcelaphini UNB  Laetoli 
Artiodactyla Alcelaphini UNB  Laetoli 
Artiodactyla Alcelaphini UNB  Laetoli 
Artiodactyla Alcelaphini UNB  Laetoli 
Artiodactyla Antilopini UNB  Laetoli 
Artiodactyla Potamochoerus/Kolpochoerus/Hylochoerus UNB  Laetoli 
Artiodactyla Potamochoerus/Kolpochoerus/Hylochoerus UNB  Laetoli 
Artiodactyla Potamochoerus/Kolpochoerus/Hylochoerus UNB  Laetoli 
Artiodactyla Potamochoerus/Kolpochoerus/Hylochoerus UNB  Laetoli 
Artiodactyla Potamochoerus/Kolpochoerus/Hylochoerus UNB  Laetoli 
Artiodactyla Potamochoerus/Kolpochoerus/Hylochoerus UNB  Laetoli 
Artiodactyla Sivatherium UNB  Laetoli 
Artiodactyla Tragelaphini UNB  Laetoli 
Artiodactyla Tragelaphini UNB  Laetoli 
Perissodactyla Ceratotherium/Rhino G UNB  Laetoli 
Perissodactyla Hipparion/Eurygnathohippus UNB  Laetoli 
Perissodactyla Hipparion/Eurygnathohippus UNB  Laetoli 
Perissodactyla Hipparion/Eurygnathohippus UNB  Laetoli 
Perissodactyla Hipparion/Eurygnathohippus UNB  Laetoli 
Perissodactyla Hipparion/Eurygnathohippus UNB  Laetoli 
Perissodactyla Hipparion/Eurygnathohippus UNB  Laetoli 
Perissodactyla Hipparion/Eurygnathohippus UNB  Laetoli 
Perissodactyla Hipparion/Eurygnathohippus UNB  Laetoli 
Perissodactyla Hipparion/Eurygnathohippus UNB  Laetoli 
Perissodactyla Hipparion/Eurygnathohippus UNB  Laetoli 
Perissodactyla Hipparion/Eurygnathohippus UNB  Laetoli 
Perissodactyla Hipparion/Eurygnathohippus UNB  Laetoli 
Perissodactyla Hipparion/Eurygnathohippus UNB  Laetoli 
Perissodactyla Hipparion/Eurygnathohippus UNB  Laetoli 
Perissodactyla Hipparion/Eurygnathohippus UNB  Laetoli 
Proboscidea Loxodonta UNB  Laetoli 
Proboscidea Loxodonta UNB  Laetoli 
Proboscidea Loxodonta UNB  Laetoli 
Proboscidea Loxodonta UNB  Laetoli 
Proboscidea Loxodonta UNB  Laetoli 
Proboscidea Loxodonta UNB  Laetoli 
Proboscidea Loxodonta UNB  Laetoli 
Artiodactyla Bovidae Rawi  Kanam Central 
Artiodactyla Bovidae Rawi  Kanam Central 
Artiodactyla Hippopotamidae Rawi  Rawi 
Artiodactyla Hippopotamidae Rawi  Rawi 
Artiodactyla Hippopotamidae Rawi  Rawi 
Artiodactyla Hippopotamidae Rawi  Rawi 
Artiodactyla Notochoerus Rawi   Rawi 
Artiodactyla Notochoerus Rawi  Rawi 
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Artiodactyla Suidae Rawi  Rawi 
Artiodactyla Suidae Rawi  Rawi 
Artiodactyla Suidae Rawi  Rawi 
Perissodactyla Ceratotherium/Rhino G Rawi  Rawi 
Artiodactyla Aepycerotini Hadar Sidi Hakoma Member Dikika 
Artiodactyla Aepycerotini Hadar Sidi Hakoma Member Dikika 
Artiodactyla Aepycerotini Hadar Sidi Hakoma Member Dikika 
Artiodactyla Aepycerotini Hadar Sidi Hakoma Member Dikika 
Artiodactyla Aepycerotini Hadar Sidi Hakoma Member Dikika 
Artiodactyla Aepycerotini Hadar Sidi Hakoma Member Dikika 
Artiodactyla Alcelaphini Hadar Sidi Hakoma Member Dikika 
Artiodactyla Alcelaphini Hadar Sidi Hakoma Member Dikika 
Artiodactyla Alcelaphini Hadar Sidi Hakoma Member Dikika 
Artiodactyla Alcelaphini Hadar Sidi Hakoma Member Dikika 
Artiodactyla Alcelaphini Hadar Sidi Hakoma Member Dikika 
Artiodactyla Alcelaphini Hadar Sidi Hakoma Member Dikika 
Artiodactyla Alcelaphini Hadar Sidi Hakoma Member Dikika 
Artiodactyla Alcelaphini Hadar Sidi Hakoma Member Dikika 
Artiodactyla Alcelaphini Hadar Sidi Hakoma Member Dikika 
Artiodactyla Alcelaphini Hadar Sidi Hakoma Member Dikika 
Artiodactyla Alcelaphini Hadar Sidi Hakoma Member Dikika 
Artiodactyla Alcelaphini Hadar Sidi Hakoma Member Dikika 
Artiodactyla Alcelaphini Hadar Sidi Hakoma Member Dikika 
Artiodactyla Alcelaphini Hadar Sidi Hakoma Member Dikika 
Artiodactyla Alcelaphini Hadar Sidi Hakoma Member Dikika 
Artiodactyla Alcelaphini Hadar Sidi Hakoma Member Dikika 
Artiodactyla Alcelaphini Hadar Sidi Hakoma Member Dikika 
Artiodactyla Alcelaphini Hadar Sidi Hakoma Member Dikika 
Artiodactyla Alcelaphini Hadar Sidi Hakoma Member Dikika 
Artiodactyla Alcelaphini Hadar Sidi Hakoma Member Dikika 
Artiodactyla Bovini Hadar Sidi Hakoma Member Dikika 
Artiodactyla Bovini Hadar Sidi Hakoma Member Dikika 
Artiodactyla Bovini Hadar Sidi Hakoma Member Dikika 
Artiodactyla Bovini Hadar Sidi Hakoma Member Dikika 
Artiodactyla Bovini Hadar Sidi Hakoma Member Dikika 
Artiodactyla Bovini Hadar Sidi Hakoma Member Dikika 
Artiodactyla Bovini Hadar Sidi Hakoma Member Dikika 
Artiodactyla Bovini Hadar Sidi Hakoma Member Dikika 
Artiodactyla Bovini Hadar Sidi Hakoma Member Dikika 
Artiodactyla Bovini Hadar Sidi Hakoma Member Dikika 
Artiodactyla Bovini Hadar Sidi Hakoma Member Dikika 
Artiodactyla Bovini Hadar Sidi Hakoma Member Dikika 
Artiodactyla Bovini Hadar Sidi Hakoma Member Dikika 
Artiodactyla Bovini Hadar Sidi Hakoma Member Dikika 
Artiodactyla Bovini Hadar Sidi Hakoma Member Dikika 
Artiodactyla Bovini Hadar Sidi Hakoma Member Dikika 
Artiodactyla Bovini Hadar Sidi Hakoma Member Dikika 
Artiodactyla Bovini Hadar Sidi Hakoma Member Dikika 
Artiodactyla Bovini Hadar Sidi Hakoma Member Dikika 
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Artiodactyla Bovini Hadar Sidi Hakoma Member Dikika 
Artiodactyla Giraffa Hadar Sidi Hakoma Member Dikika 
Artiodactyla Giraffa Hadar Sidi Hakoma Member Dikika 
Artiodactyla Giraffa Hadar Sidi Hakoma Member Dikika 
Artiodactyla Giraffidae Hadar Sidi Hakoma Member Dikika 
Artiodactyla Giraffidae Hadar Sidi Hakoma Member Dikika 
Artiodactyla Giraffidae Hadar Sidi Hakoma Member Dikika 
Artiodactyla Giraffidae Hadar Sidi Hakoma Member Dikika 
Artiodactyla Giraffidae Hadar Sidi Hakoma Member Dikika 
Artiodactyla Giraffidae Hadar Sidi Hakoma Member Dikika 
Artiodactyla Giraffidae Hadar Sidi Hakoma Member Dikika 
Artiodactyla Giraffidae Hadar Sidi Hakoma Member Dikika 
Artiodactyla Hippopotamidae Hadar Sidi Hakoma Member Dikika 
Artiodactyla Hippopotamidae Hadar Sidi Hakoma Member Dikika 
Artiodactyla Hippopotamidae Hadar Sidi Hakoma Member Dikika 
Artiodactyla Hippopotamidae Hadar Sidi Hakoma Member Dikika 
Artiodactyla Hippopotamidae Hadar Sidi Hakoma Member Dikika 
Artiodactyla Hippopotamidae Hadar Sidi Hakoma Member Dikika 
Artiodactyla Hippopotamidae Hadar Sidi Hakoma Member Dikika 
Artiodactyla Hippopotamidae Hadar Sidi Hakoma Member Dikika 
Artiodactyla Hippopotamidae Hadar Sidi Hakoma Member Dikika 
Artiodactyla Hippopotamidae Hadar Sidi Hakoma Member Dikika 
Artiodactyla Hippopotamidae Hadar Sidi Hakoma Member Dikika 
Artiodactyla Hippotragini Hadar Sidi Hakoma Member Dikika 
Artiodactyla Hippotragini Hadar Sidi Hakoma Member Dikika 
Artiodactyla Hippotragini Hadar Sidi Hakoma Member Dikika 
Artiodactyla Notochoerus Hadar Sidi Hakoma Member Dikika 
Artiodactyla Notochoerus Hadar Sidi Hakoma Member Dikika 
Artiodactyla Notochoerus Hadar Sidi Hakoma Member Dikika 
Artiodactyla Notochoerus Hadar Sidi Hakoma Member Dikika 
Artiodactyla Notochoerus Hadar Sidi Hakoma Member Dikika 
Artiodactyla Notochoerus Hadar Sidi Hakoma Member Dikika 
Artiodactyla Notochoerus Hadar Sidi Hakoma Member Dikika 
Artiodactyla Notochoerus Hadar Sidi Hakoma Member Dikika 
Artiodactyla Notochoerus Hadar Sidi Hakoma Member Dikika 
Artiodactyla Nyanzachoerus Hadar Sidi Hakoma Member Dikika 
Artiodactyla Potamochoerus/Kolpochoerus/Hylochoerus Hadar Sidi Hakoma Member Dikika 
Artiodactyla Potamochoerus/Kolpochoerus/Hylochoerus Hadar Sidi Hakoma Member Dikika 
Artiodactyla Potamochoerus/Kolpochoerus/Hylochoerus Hadar Sidi Hakoma Member Dikika 
Artiodactyla Potamochoerus/Kolpochoerus/Hylochoerus Hadar Sidi Hakoma Member Dikika 
Artiodactyla Potamochoerus/Kolpochoerus/Hylochoerus Hadar Sidi Hakoma Member Dikika 
Artiodactyla Reduncini Hadar Sidi Hakoma Member Dikika 
Artiodactyla Tragelaphini Hadar Sidi Hakoma Member Dikika 
Artiodactyla Tragelaphini Hadar Sidi Hakoma Member Dikika 
Artiodactyla Tragelaphini Hadar Sidi Hakoma Member Dikika 
Artiodactyla Tragelaphini Hadar Sidi Hakoma Member Dikika 
Artiodactyla Tragelaphini Hadar Sidi Hakoma Member Dikika 
Artiodactyla Tragelaphini Hadar Sidi Hakoma Member Dikika 
Artiodactyla Tragelaphini Hadar Sidi Hakoma Member Dikika 
	 289 
Perissodactyla Diceros/Rhino MB Hadar Sidi Hakoma Member Dikika 
Perissodactyla Diceros/Rhino MB Hadar Sidi Hakoma Member Dikika 
Perissodactyla Diceros/Rhino MB Hadar Sidi Hakoma Member Dikika 
Perissodactyla Diceros/Rhino MB Hadar Sidi Hakoma Member Dikika 
Perissodactyla Equidae Hadar Sidi Hakoma Member Dikika 
Perissodactyla Equidae Hadar Sidi Hakoma Member Dikika 
Perissodactyla Equidae Hadar Sidi Hakoma Member Dikika 
Perissodactyla Equidae Hadar Sidi Hakoma Member Dikika 
Perissodactyla Equidae Hadar Sidi Hakoma Member Dikika 
Perissodactyla Equidae Hadar Sidi Hakoma Member Dikika 
Perissodactyla Equidae Hadar Sidi Hakoma Member Dikika 
Perissodactyla Equidae Hadar Sidi Hakoma Member Dikika 
Perissodactyla Equidae Hadar Sidi Hakoma Member Dikika 
Perissodactyla Equidae Hadar Sidi Hakoma Member Dikika 
Perissodactyla Equidae Hadar Sidi Hakoma Member Dikika 
Perissodactyla Equidae Hadar Sidi Hakoma Member Dikika 
Perissodactyla Equidae Hadar Sidi Hakoma Member Dikika 
Perissodactyla Equidae Hadar Sidi Hakoma Member Dikika 
Perissodactyla Equidae Hadar Sidi Hakoma Member Dikika 
Perissodactyla Equidae Hadar Sidi Hakoma Member Dikika 
Perissodactyla Equidae Hadar Sidi Hakoma Member Dikika 
Perissodactyla Equidae Hadar Sidi Hakoma Member Dikika 
Perissodactyla Equidae Hadar Sidi Hakoma Member Dikika 
Perissodactyla Equidae Hadar Sidi Hakoma Member Dikika 
Perissodactyla Equidae Hadar Sidi Hakoma Member Dikika 
Perissodactyla Equidae Hadar Sidi Hakoma Member Dikika 
Perissodactyla Equidae Hadar Sidi Hakoma Member Dikika 
Perissodactyla Equidae Hadar Sidi Hakoma Member Dikika 
Perissodactyla Equidae Hadar Sidi Hakoma Member Dikika 
Perissodactyla Equidae Hadar Sidi Hakoma Member Dikika 
Perissodactyla Equidae Hadar Sidi Hakoma Member Dikika 
Perissodactyla Equidae Hadar Sidi Hakoma Member Dikika 
Perissodactyla Equidae Hadar Sidi Hakoma Member Dikika 
Perissodactyla Equidae Hadar Sidi Hakoma Member Dikika 
Perissodactyla Equidae Hadar Sidi Hakoma Member Dikika 
Perissodactyla Equidae Hadar Sidi Hakoma Member Dikika 
Proboscidea Deinotheriidae Hadar Sidi Hakoma Member Dikika 
Proboscidea Deinotheriidae Hadar Sidi Hakoma Member Dikika 
Proboscidea Deinotheriidae Hadar Sidi Hakoma Member Dikika 
Proboscidea Elephantidae Hadar Sidi Hakoma Member Dikika 
Proboscidea Elephantidae Hadar Sidi Hakoma Member Dikika 
Proboscidea Elephantidae Hadar Sidi Hakoma Member Dikika 
Proboscidea Elephantidae Hadar Sidi Hakoma Member Dikika 
Proboscidea Elephantidae Hadar Sidi Hakoma Member Dikika 
Proboscidea Elephantidae Hadar Sidi Hakoma Member Dikika 
Proboscidea Elephantidae Hadar Sidi Hakoma Member Dikika 
Proboscidea Elephantidae Hadar Sidi Hakoma Member Dikika 
Proboscidea Elephantidae Hadar Sidi Hakoma Member Dikika 
Proboscidea Elephantidae Hadar Sidi Hakoma Member Dikika 
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Artiodactyla Aepycerotini Hadar Upper Basal Member Dikika 
Artiodactyla Alcelaphini Hadar Upper Basal Member Dikika 
Artiodactyla Alcelaphini Hadar Upper Basal Member Dikika 
Artiodactyla Bovini Hadar Upper Basal Member Dikika 
Artiodactyla Hippopotamidae Hadar Upper Basal Member Dikika 
Artiodactyla Tragelaphini Hadar Upper Basal Member Dikika 
Artiodactyla Tragelaphini Hadar Upper Basal Member Dikika 
Perissodactyla Diceros/Rhino MB Hadar Upper Basal Member Dikika 
Perissodactyla Equidae Hadar Upper Basal Member Dikika 
Proboscidea Deinotheriidae Hadar Upper Basal Member Dikika 
Proboscidea Elephantidae Hadar Upper Basal Member Dikika 
Proboscidea Elephantidae Hadar Upper Basal Member Dikika 
Artiodactyla Aepycerotini   Woranso-Mille 
Artiodactyla Aepycerotini   Woranso-Mille 
Artiodactyla Alcelaphini   Woranso-Mille 
Artiodactyla Bovini   Woranso-Mille 
Artiodactyla Giraffa   Woranso-Mille 
Artiodactyla Giraffa   Woranso-Mille 
Artiodactyla Giraffa   Woranso-Mille 
Artiodactyla Giraffa   Woranso-Mille 
Artiodactyla Giraffa   Woranso-Mille 
Artiodactyla Hippopotamidae   Woranso-Mille 
Artiodactyla Hippopotamidae   Woranso-Mille 
Artiodactyla Hippopotamidae   Woranso-Mille 
Artiodactyla Hippopotamidae   Woranso-Mille 
Artiodactyla Hippopotamidae   Woranso-Mille 
Artiodactyla Hippopotamidae   Woranso-Mille 
Artiodactyla Hippopotamidae   Woranso-Mille 
Artiodactyla Hippopotamidae   Woranso-Mille 
Artiodactyla Notochoerus   Woranso-Mille 
Artiodactyla Notochoerus   Woranso-Mille 
Artiodactyla Notochoerus   Woranso-Mille 
Artiodactyla Notochoerus   Woranso-Mille 
Artiodactyla Notochoerus   Woranso-Mille 
Artiodactyla Notochoerus   Woranso-Mille 
Artiodactyla Notochoerus   Woranso-Mille 
Artiodactyla Sivatherium   Woranso-Mille 
Artiodactyla Sivatherium   Woranso-Mille 
Artiodactyla Sivatherium   Woranso-Mille 
Artiodactyla Tragelaphini   Woranso-Mille 
Artiodactyla Tragelaphini   Woranso-Mille 
Artiodactyla Tragelaphini   Woranso-Mille 
Artiodactyla Tragelaphini   Woranso-Mille 
Artiodactyla Tragelaphini   Woranso-Mille 
Artiodactyla Tragelaphini   Woranso-Mille 
Artiodactyla Tragelaphini   Woranso-Mille 
Artiodactyla Tragelaphini   Woranso-Mille 
Artiodactyla Tragelaphini   Woranso-Mille 
Artiodactyla Tragelaphini   Woranso-Mille 
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Artiodactyla Tragelaphini   Woranso-Mille 
Artiodactyla Tragelaphini   Woranso-Mille 
Artiodactyla Tragelaphini   Woranso-Mille 
Artiodactyla Tragelaphini   Woranso-Mille 
Artiodactyla Tragelaphini   Woranso-Mille 
Artiodactyla Tragelaphini   Woranso-Mille 
Artiodactyla Tragelaphini   Woranso-Mille 
Artiodactyla Tragelaphini   Woranso-Mille 
Artiodactyla Tragelaphini   Woranso-Mille 
Perissodactyla Ceratotherium/Rhino G   Woranso-Mille 
Proboscidea Anancus   Woranso-Mille 
Proboscidea Loxodonta   Woranso-Mille 
Artiodactyla Aepycerotini Hadar Base of Basal Member Dikika 
Artiodactyla Aepycerotini Hadar Base of Basal Member Dikika 
Artiodactyla Aepycerotini Hadar Base of Basal Member Dikika 
Artiodactyla Aepycerotini Hadar Base of Basal Member Dikika 
Artiodactyla Aepycerotini Hadar Base of Basal Member Dikika 
Artiodactyla Alcelaphini Hadar Base of Basal Member Dikika 
Artiodactyla Bovini Hadar Base of Basal Member Dikika 
Artiodactyla Bovini Hadar Base of Basal Member Dikika 
Artiodactyla Hippopotamidae Hadar Base of Basal Member Dikika 
Artiodactyla Hippopotamidae Hadar Base of Basal Member Dikika 
Artiodactyla Hippopotamidae Hadar Base of Basal Member Dikika 
Artiodactyla Hippopotamidae Hadar Base of Basal Member Dikika 
Artiodactyla Hippopotamidae Hadar Base of Basal Member Dikika 
Artiodactyla Hippopotamidae Hadar Base of Basal Member Dikika 
Artiodactyla Notochoerus Hadar Base of Basal Member Dikika 
Artiodactyla Notochoerus Hadar Base of Basal Member Dikika 
Artiodactyla Notochoerus Hadar Base of Basal Member Dikika 
Artiodactyla Notochoerus Hadar Base of Basal Member Dikika 
Artiodactyla Nyanzachoerus Hadar Base of Basal Member Dikika 
Artiodactyla Nyanzachoerus Hadar Base of Basal Member Dikika 
Artiodactyla Nyanzachoerus Hadar Base of Basal Member Dikika 
Artiodactyla Nyanzachoerus Hadar Base of Basal Member Dikika 
Artiodactyla Potamochoerus/Kolpochoerus/Hylochoerus Hadar Base of Basal Member Dikika 
Artiodactyla Sivatherium Hadar Base of Basal Member Dikika 
Perissodactyla Ceratotherium/Rhino G Hadar Base of Basal Member Dikika 
Perissodactyla Ceratotherium/Rhino G Hadar Base of Basal Member Dikika 
Perissodactyla Equidae Hadar Base of Basal Member Dikika 
Perissodactyla Equidae Hadar Base of Basal Member Dikika 
Perissodactyla Equidae Hadar Base of Basal Member Dikika 
Perissodactyla Equidae Hadar Base of Basal Member Dikika 
Perissodactyla Equidae Hadar Base of Basal Member Dikika 
Perissodactyla Equidae Hadar Base of Basal Member Dikika 
Perissodactyla Equidae Hadar Base of Basal Member Dikika 
Perissodactyla Equidae Hadar Base of Basal Member Dikika 
Perissodactyla Equidae Hadar Base of Basal Member Dikika 
Perissodactyla Equidae Hadar Base of Basal Member Dikika 
Perissodactyla Equidae Hadar Base of Basal Member Dikika 
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Perissodactyla Equidae Hadar Base of Basal Member Dikika 
Perissodactyla Equidae Hadar Base of Basal Member Dikika 
Perissodactyla Equidae Hadar Base of Basal Member Dikika 
Proboscidea Elephantidae Hadar Base of Basal Member Dikika 
Proboscidea Elephantidae Hadar Base of Basal Member Dikika 
Proboscidea Elephantidae Hadar Base of Basal Member Dikika 
Proboscidea Elephantidae Hadar Base of Basal Member Dikika 
Proboscidea Elephantidae Hadar Base of Basal Member Dikika 
Proboscidea Elephantidae Hadar Base of Basal Member Dikika 
Proboscidea Elephantidae Hadar Base of Basal Member Dikika 
Proboscidea Elephantidae Hadar Base of Basal Member Dikika 
Proboscidea Elephantidae Hadar Base of Basal Member Dikika 
Proboscidea Elephantidae Hadar Base of Basal Member Dikika 
Proboscidea Elephantidae Hadar Base of Basal Member Dikika 
Proboscidea Elephantidae Hadar Base of Basal Member Dikika 
Proboscidea Elephantidae Hadar Base of Basal Member Dikika 
Proboscidea Elephantidae Hadar Base of Basal Member Dikika 
Proboscidea Elephantidae Hadar Base of Basal Member Dikika 
Artiodactyla Alcelaphini ULB Between Tuffs 5 & 7 Laetoli 
Artiodactyla Alcelaphini ULB Between Tuffs 5 & 7 Laetoli 
Artiodactyla Alcelaphini ULB Between Tuffs 5 & 7 Laetoli 
Artiodactyla Alcelaphini ULB Between Tuffs 5 & 7 Laetoli 
Artiodactyla Alcelaphini ULB Between Tuffs 5 & 7 Laetoli 
Artiodactyla Alcelaphini ULB Between Tuffs 5 & 7 Laetoli 
Artiodactyla Alcelaphini ULB Between Tuffs 5 & 7 Laetoli 
Artiodactyla Alcelaphini ULB Between Tuffs 5 & 7 Laetoli 
Artiodactyla Alcelaphini ULB Between Tuffs 5 & 7 Laetoli 
Artiodactyla Alcelaphini ULB Between Tuffs 5 & 7 Laetoli 
Artiodactyla Alcelaphini ULB Between Tuffs 5 & 7 Laetoli 
Artiodactyla Alcelaphini ULB Between Tuffs 6 & 7 Laetoli 
Artiodactyla Alcelaphini ULB Between Tuffs 6 & 8 Laetoli 
Artiodactyla Alcelaphini ULB Between Tuffs 7 & 8 Laetoli 
Artiodactyla Alcelaphini ULB Between Tuffs 5 & 7 Laetoli 
Artiodactyla Alcelaphini ULB Between Tuffs 5 & 7 Laetoli 
Artiodactyla Alcelaphini ULB Between Tuffs 6 & 7 Laetoli 
Artiodactyla Alcelaphini ULB Between Tuffs 6 & 7 Laetoli 
Artiodactyla Alcelaphini ULB Between Tuffs 6 & 8 Laetoli 
Artiodactyla Alcelaphini ULB Between Tuffs 3 & 5 Laetoli 
Artiodactyla Antilopini ULB Between Tuffs 5 & 6 Laetoli 
Artiodactyla Antilopini ULB Between Tuffs 5 & 7 Laetoli 
Artiodactyla Antilopini ULB Between Tuffs 5 & 7 Laetoli 
Artiodactyla Antilopini ULB Between Tuffs 6 & 7 Laetoli 
Artiodactyla Antilopini ULB Between Tuffs 6 & 8 Laetoli 
Artiodactyla Antilopini ULB Between Tuffs 6 & 8 Laetoli 
Artiodactyla Antilopini ULB Between Tuffs 6 & 8 Laetoli 
Artiodactyla Antilopini ULB Between Tuffs 7 & 8 Laetoli 
Artiodactyla Antilopini ULB Between Tuffs 3 & 5 Laetoli 
Artiodactyla Antilopini ULB Between Tuffs 3 & 5 Laetoli 
Artiodactyla Antilopini ULB Between Tuffs 3 & 5 Laetoli 
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Artiodactyla Giraffa ULB Between Tuffs 3 & 8 Laetoli 
Artiodactyla Giraffa ULB Between Tuffs 5 & 7 Laetoli 
Artiodactyla Giraffa ULB Between Tuffs 5 & 7 Laetoli 
Artiodactyla Giraffa ULB Between Tuffs 5 & 7 Laetoli 
Artiodactyla Giraffa ULB Between Tuffs 5 & 7 Laetoli 
Artiodactyla Giraffa ULB Between Tuffs 5 & 7 Laetoli 
Artiodactyla Giraffa ULB Between Tuffs 5 & 7 Laetoli 
Artiodactyla Giraffa ULB Between Tuffs 5 & 8 Laetoli 
Artiodactyla Giraffa ULB Between Tuffs 6 & 7 Laetoli 
Artiodactyla Giraffa ULB Between Tuffs 6 & 7 Laetoli 
Artiodactyla Giraffa ULB Between Tuffs 6 & 8 Laetoli 
Artiodactyla Giraffa ULB 
Between Tuffs 7 & 
above 8 Laetoli 
Artiodactyla Giraffa ULB 
Between Tuffs 7 & 
YMT Laetoli 
Artiodactyla Giraffa ULB Above Tuff 7 Laetoli 
Artiodactyla Giraffa ULB Above Tuff 7 Laetoli 
Artiodactyla Giraffa ULB Above Tuff 7 Laetoli 
Artiodactyla Giraffa ULB Between Tuffs 5 & 7 Laetoli 
Artiodactyla Giraffa ULB Between Tuffs 5 & 7 Laetoli 
Artiodactyla Giraffa ULB Between Tuffs 5 & 7 Laetoli 
Artiodactyla Giraffa ULB Between Tuffs 5 & 7 Laetoli 
Artiodactyla Giraffa ULB Between Tuffs 5 & 7 Laetoli 
Artiodactyla Giraffa ULB Between Tuffs 5 & 8 Laetoli 
Artiodactyla Giraffa ULB Between Tuffs 6 & 7 Laetoli 
Artiodactyla Giraffa ULB Between Tuffs 6 & 8 Laetoli 
Artiodactyla Giraffa ULB 
Between Tuffs 7 & 
above 8 Laetoli 
Artiodactyla Giraffa ULB 
Between Tuffs 7 & 
above 8 Laetoli 
Artiodactyla Giraffa ULB Between Tuffs 3 & 5 Laetoli 
Artiodactyla Giraffa ULB Below Tuff 6 Laetoli 
Artiodactyla Hippotragini ULB Between Tuffs 5 & 7 Laetoli 
Artiodactyla Hippotragini ULB Between Tuffs 5 & 7 Laetoli 
Artiodactyla Hippotragini ULB Between Tuffs 5 & 7 Laetoli 
Artiodactyla Hippotragini ULB Between Tuffs 5 & 7 Laetoli 
Artiodactyla Hippotragini ULB Between Tuffs 5 & 7 Laetoli 
Artiodactyla Hippotragini ULB Between Tuffs 5 & 7 Laetoli 
Artiodactyla Hippotragini ULB Between Tuffs 5 & 7 Laetoli 
Artiodactyla Hippotragini ULB Between Tuffs 5 & 7 Laetoli 
Artiodactyla Hippotragini ULB Between Tuffs 5 & 8 Laetoli 
Artiodactyla Hippotragini ULB Between Tuffs 5 & 8 Laetoli 
Artiodactyla Hippotragini ULB Between Tuffs 5 & 8 Laetoli 
Artiodactyla Hippotragini ULB Between Tuffs 6 & 7 Laetoli 
Artiodactyla Hippotragini ULB Between Tuffs 6 & 7 Laetoli 
Artiodactyla Hippotragini ULB Between Tuffs 6 & 7 Laetoli 
Artiodactyla Hippotragini ULB Between Tuffs 6 & 8 Laetoli 
Artiodactyla Hippotragini ULB Between Tuffs 6 & 8 Laetoli 
Artiodactyla Neotragini ULB Between Tuffs 5 & 7 Laetoli 
Artiodactyla Neotragini ULB Between Tuffs 5 & 7 Laetoli 
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Artiodactyla Neotragini ULB Between Tuffs 5 & 7 Laetoli 
Artiodactyla Neotragini ULB Between Tuffs 5 & 7 Laetoli 
Artiodactyla Notochoerus ULB Above Tuff 7 Laetoli 
Artiodactyla Notochoerus ULB Between Tuffs 5 & 6 Laetoli 
Artiodactyla Notochoerus ULB Between Tuffs 5 & 7 Laetoli 
Artiodactyla Notochoerus ULB Between Tuffs 5 & 7 Laetoli 
Artiodactyla Notochoerus ULB Between Tuffs 5 & 7 Laetoli 
Artiodactyla Notochoerus ULB Between Tuffs 5 & 7 Laetoli 
Artiodactyla Notochoerus ULB Between Tuffs 5 & 7 Laetoli 
Artiodactyla Notochoerus ULB Between Tuffs 5 & 7 Laetoli 
Artiodactyla Notochoerus ULB Between Tuffs 5 & 7 Laetoli 
Artiodactyla Notochoerus ULB Between Tuffs 5 & 7 Laetoli 
Artiodactyla Notochoerus ULB Between Tuffs 5 & 7 Laetoli 
Artiodactyla Notochoerus ULB Between Tuffs 5 & 7 Laetoli 
Artiodactyla Notochoerus ULB Between Tuffs 5 & 7 Laetoli 
Artiodactyla Notochoerus ULB Between Tuffs 5 & 7 Laetoli 
Artiodactyla Notochoerus ULB Between Tuffs 5 & 7 Laetoli 
Artiodactyla Notochoerus ULB Between Tuffs 5 & 7 Laetoli 
Artiodactyla Notochoerus ULB Between Tuffs 5 & 7 Laetoli 
Artiodactyla Notochoerus ULB Between Tuffs 5 & 7 Laetoli 
Artiodactyla Notochoerus ULB Between Tuffs 5 & 7 Laetoli 
Artiodactyla Notochoerus ULB Between Tuffs 5 & 7 Laetoli 
Artiodactyla Notochoerus ULB Between Tuffs 6 & 8 Laetoli 
Artiodactyla Notochoerus ULB Between Tuffs 6 & 8 Laetoli 
Artiodactyla Notochoerus ULB Between Tuffs 6 & 8 Laetoli 
Artiodactyla Notochoerus ULB Between Tuffs 3 & 5 Laetoli 
Artiodactyla Notochoerus ULB Between Tuffs 3 & 5 Laetoli 
Artiodactyla Notochoerus ULB Between Tuffs 3 & 5 Laetoli 
Artiodactyla Notochoerus ULB Between Tuffs 3 & 5 Laetoli 
Artiodactyla Potamochoerus/Kolpochoerus/Hylochoerus ULB Between Tuffs 3 & 8 Laetoli 
Artiodactyla Potamochoerus/Kolpochoerus/Hylochoerus ULB Between Tuffs 5 & 6 Laetoli 
Artiodactyla Potamochoerus/Kolpochoerus/Hylochoerus ULB Between Tuffs 6 & 7 Laetoli 
Artiodactyla Potamochoerus/Kolpochoerus/Hylochoerus ULB Between Tuffs 7 & 8 Laetoli 
Artiodactyla Potamochoerus/Kolpochoerus/Hylochoerus ULB 
Between Tuffs 7 & 
YMT Laetoli 
Artiodactyla Sivatherium ULB Between Tuffs 5 & 7 Laetoli 
Artiodactyla Sivatherium ULB Between Tuffs 5 & 7 Laetoli 
Artiodactyla Sivatherium ULB Between Tuffs 5 & 7 Laetoli 
Artiodactyla Sivatherium ULB Between Tuffs 5 & 8 Laetoli 
Artiodactyla Sivatherium ULB Between Tuffs 6 & 7 Laetoli 
Artiodactyla Sivatherium ULB Between Tuffs 6 & 7 Laetoli 
Artiodactyla Sivatherium ULB 
Between Tuffs 7 & 
above 8 Laetoli 
Artiodactyla Sivatherium ULB 
Between Tuffs 7 & 
above 8 Laetoli 
Artiodactyla Tragelaphini ULB Between Tuffs 5 & 7 Laetoli 
Artiodactyla Tragelaphini ULB Between Tuffs 5 & 7 Laetoli 
Artiodactyla Tragelaphini ULB Between Tuffs 5 & 8 Laetoli 
Artiodactyla Tragelaphini ULB Between Tuffs 5 & 8 Laetoli 
Artiodactyla Tragelaphini ULB Between Tuffs 6 & 7 Laetoli 
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Artiodactyla Tragelaphini ULB Between Tuffs 6 & 7 Laetoli 
Perissodactyla Ceratotherium/Rhino G ULB Between Tuffs 5 & 6 Laetoli 
Perissodactyla Ceratotherium/Rhino G ULB Between Tuffs 5 & 7 Laetoli 
Perissodactyla Ceratotherium/Rhino G ULB Between Tuffs 5 & 7 Laetoli 
Perissodactyla Ceratotherium/Rhino G ULB Between Tuffs 5 & 7 Laetoli 
Perissodactyla Ceratotherium/Rhino G ULB Between Tuffs 5 & 7 Laetoli 
Perissodactyla Ceratotherium/Rhino G ULB Between Tuffs 5 & 7 Laetoli 
Perissodactyla Ceratotherium/Rhino G ULB Between Tuffs 5 & 7 Laetoli 
Perissodactyla Ceratotherium/Rhino G ULB Between Tuffs 5 & 7 Laetoli 
Perissodactyla Ceratotherium/Rhino G ULB Between Tuffs 5 & 7 Laetoli 
Perissodactyla Ceratotherium/Rhino G ULB Between Tuffs 5 & 7 Laetoli 
Perissodactyla Ceratotherium/Rhino G ULB Between Tuffs 5 & 7 Laetoli 
Perissodactyla Ceratotherium/Rhino G ULB Between Tuffs 5 & 7 Laetoli 
Perissodactyla Ceratotherium/Rhino G ULB Between Tuffs 5 & 7 Laetoli 
Perissodactyla Ceratotherium/Rhino G ULB Between Tuffs 5 & 7 Laetoli 
Perissodactyla Ceratotherium/Rhino G ULB Between Tuffs 5 & 7 Laetoli 
Perissodactyla Ceratotherium/Rhino G ULB Between Tuffs 5 & 7 Laetoli 
Perissodactyla Ceratotherium/Rhino G ULB Between Tuffs 5 & 8 Laetoli 
Perissodactyla Ceratotherium/Rhino G ULB Between Tuffs 5 & 8 Laetoli 
Perissodactyla Ceratotherium/Rhino G ULB Between Tuffs 7 & 8 Laetoli 
Perissodactyla Ceratotherium/Rhino G ULB 
Between Tuffs 7 & 
above 8 Laetoli 
Perissodactyla Ceratotherium/Rhino G ULB 
Between Tuffs 7 & 
above 8 Laetoli 
Perissodactyla Diceros/Rhino MB ULB Between Tuffs 6 & 7 Laetoli 
Perissodactyla Diceros/Rhino MB ULB Between Tuffs 7 & 8 Laetoli 
Perissodactyla Hipparion/Eurygnathohippus ULB Above Tuff 7 Laetoli 
Perissodactyla Hipparion/Eurygnathohippus ULB Above Tuff 7 Laetoli 
Perissodactyla Hipparion/Eurygnathohippus ULB Between Tuffs 5 & 7 Laetoli 
Perissodactyla Hipparion/Eurygnathohippus ULB Between Tuffs 5 & 7 Laetoli 
Perissodactyla Hipparion/Eurygnathohippus ULB Between Tuffs 5 & 7 Laetoli 
Perissodactyla Hipparion/Eurygnathohippus ULB Between Tuffs 5 & 7 Laetoli 
Perissodactyla Hipparion/Eurygnathohippus ULB Between Tuffs 5 & 7 Laetoli 
Perissodactyla Hipparion/Eurygnathohippus ULB Between Tuffs 5 & 7 Laetoli 
Perissodactyla Hipparion/Eurygnathohippus ULB Between Tuffs 5 & 7 Laetoli 
Perissodactyla Hipparion/Eurygnathohippus ULB Between Tuffs 5 & 7 Laetoli 
Perissodactyla Hipparion/Eurygnathohippus ULB Between Tuffs 5 & 7 Laetoli 
Perissodactyla Hipparion/Eurygnathohippus ULB Between Tuffs 6 & 8 Laetoli 
Perissodactyla Hipparion/Eurygnathohippus ULB Between Tuffs 6 & 8 Laetoli 
Perissodactyla Hipparion/Eurygnathohippus ULB Between Tuffs 7 & 8 Laetoli 
Perissodactyla Hipparion/Eurygnathohippus ULB Between Tuffs 3 & 5 Laetoli 
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Proboscidea Deinotherium ULB Between Tuffs 5 & 7 Laetoli 
Proboscidea Loxodonta ULB Above Tuff 7 Laetoli 
Proboscidea Loxodonta ULB Above Tuff 7 Laetoli 
Proboscidea Loxodonta ULB Between Tuffs 5 & 6 Laetoli 
Proboscidea Loxodonta ULB Between Tuffs 5 & 7 Laetoli 
Proboscidea Loxodonta ULB Between Tuffs 5 & 7 Laetoli 
Proboscidea Loxodonta ULB Between Tuffs 5 & 7 Laetoli 
Proboscidea Loxodonta ULB Between Tuffs 5 & 7 Laetoli 
Proboscidea Loxodonta ULB Between Tuffs 5 & 7 Laetoli 
Proboscidea Loxodonta ULB Between Tuffs 5 & 7 Laetoli 
Proboscidea Loxodonta ULB Between Tuffs 5 & 7 Laetoli 
Proboscidea Loxodonta ULB Between Tuffs 5 & 7 Laetoli 
Proboscidea Loxodonta ULB Between Tuffs 5 & 7 Laetoli 
Proboscidea Loxodonta ULB Between Tuffs 5 & 7 Laetoli 
Proboscidea Loxodonta ULB Between Tuffs 6 & 8 Laetoli 
Proboscidea Loxodonta ULB Between Tuffs 6 & 8 Laetoli 
Proboscidea Loxodonta ULB Between Tuffs 6 & 8 Laetoli 
Proboscidea Loxodonta ULB Between Tuffs 6 & 8 Laetoli 
Proboscidea Loxodonta ULB 
Between Tuffs 7 & 
above 8 Laetoli 
Artiodactyla Alcelaphini ULB Below Tuff 2 Laetoli 
Artiodactyla Alcelaphini ULB Below Tuff 2 Laetoli 
Artiodactyla Alcelaphini ULB Below Tuff 2 Laetoli 
Artiodactyla Alcelaphini ULB Below Tuff 2 Laetoli 
Artiodactyla Alcelaphini ULB Below Tuff 3 Laetoli 
Artiodactyla Alcelaphini ULB Below Tuff 3 Laetoli 
Artiodactyla Alcelaphini ULB Below Tuff 3 Laetoli 
Artiodactyla Alcelaphini ULB Below Tuff 3 Laetoli 
Artiodactyla Alcelaphini ULB Below Tuff 3 Laetoli 
Artiodactyla Alcelaphini ULB Below Tuff 3 Laetoli 
Artiodactyla Alcelaphini ULB Below Tuff 2 Laetoli 
Artiodactyla Alcelaphini ULB Below Tuff 2 Laetoli 
Artiodactyla Alcelaphini ULB Below Tuff 2 Laetoli 
Artiodactyla Antilopini ULB Below Tuff 2 Laetoli 
Artiodactyla Antilopini ULB Below Tuff 2 Laetoli 
Artiodactyla Antilopini ULB Below Tuff 2 Laetoli 
Artiodactyla Antilopini ULB Below Tuff 3 Laetoli 
Artiodactyla Antilopini ULB Below Tuff 3 Laetoli 
Artiodactyla Giraffa ULB Below Tuff 2 Laetoli 
Artiodactyla Giraffa ULB Below Tuff 2 Laetoli 
Artiodactyla Giraffa ULB Below Tuff 3 Laetoli 
Artiodactyla Giraffa ULB Below Tuff 2 Laetoli 
Artiodactyla Giraffa ULB Below Tuff 2 Laetoli 
Artiodactyla Giraffa ULB Below Tuff 2 Laetoli 
Artiodactyla Giraffa ULB Below Tuff 2 Laetoli 
Artiodactyla Giraffa ULB Below Tuff 2 Laetoli 
Artiodactyla Giraffa ULB Below Tuff 2 Laetoli 
Artiodactyla Giraffa ULB Below Tuff 3 Laetoli 
Artiodactyla Giraffa ULB Below Tuff 3 Laetoli 
Artiodactyla Hippotragini ULB Below Tuff 2 Laetoli 
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Artiodactyla Hippotragini ULB Below Tuff 3 Laetoli 
Artiodactyla Neotragini ULB Below Tuff 2 Laetoli 
Artiodactyla Neotragini ULB Below Tuff 2 Laetoli 
Artiodactyla Neotragini ULB Below Tuff 2 Laetoli 
Artiodactyla Neotragini ULB Below Tuff 3 Laetoli 
Artiodactyla Neotragini ULB Below Tuff 3 Laetoli 
Artiodactyla Neotragini ULB Below Tuff 3 Laetoli 
Artiodactyla Notochoerus ULB Below Tuff 2 Laetoli 
Artiodactyla Notochoerus ULB Below Tuff 2 Laetoli 
Artiodactyla Notochoerus ULB Below Tuff 3 Laetoli 
Artiodactyla Notochoerus ULB Below Tuff 3 Laetoli 
Artiodactyla Notochoerus ULB Below Tuff 3 Laetoli 
Artiodactyla Notochoerus ULB Below Tuff 3 Laetoli 
Artiodactyla Notochoerus ULB Below Tuff 3 Laetoli 
Artiodactyla Notochoerus ULB Below Tuff 3 Laetoli 
Artiodactyla Notochoerus ULB Below Tuff 3 Laetoli 
Artiodactyla Tragelaphini ULB Below Tuff 2 Laetoli 
Artiodactyla Tragelaphini ULB Below Tuff 2 Laetoli 
Artiodactyla Tragelaphini ULB Below Tuff 3 Laetoli 
Artiodactyla Tragelaphini ULB Below Tuff 3 Laetoli 
Perissodactyla Ceratotherium/Rhino G ULB Below Tuff 2 Laetoli 
Perissodactyla Ceratotherium/Rhino G ULB Below Tuff 2 Laetoli 
Perissodactyla Ceratotherium/Rhino G ULB Below Tuff 2 Laetoli 
Perissodactyla Ceratotherium/Rhino G ULB Below Tuff 2 Laetoli 
Perissodactyla Ceratotherium/Rhino G ULB Below Tuff 2 Laetoli 
Perissodactyla Ceratotherium/Rhino G ULB Below Tuff 3 Laetoli 
Perissodactyla Ceratotherium/Rhino G ULB Below Tuff 3 Laetoli 
Perissodactyla Ceratotherium/Rhino G ULB Below Tuff 3 Laetoli 
Perissodactyla Ceratotherium/Rhino G ULB Below Tuff 3 Laetoli 
Perissodactyla Hipparion/Eurygnathohippus ULB Below Tuff 3 Laetoli 
Perissodactyla Hipparion/Eurygnathohippus ULB Below Tuff 3 Laetoli 
Perissodactyla Hipparion/Eurygnathohippus ULB Below Tuff 3 Laetoli 
Proboscidea Deinotherium ULB Below Tuff 3 Laetoli 
Proboscidea Loxodonta ULB Below Tuff 3 Laetoli 
Proboscidea Loxodonta ULB Below Tuff 3 Laetoli 
Proboscidea Loxodonta ULB Below Tuff 3 Laetoli 
Artiodactyla Alcelaphini LLB  Laetoli 
Artiodactyla Alcelaphini LLB  Laetoli 
Artiodactyla Notochoerus LLB  Laetoli 
Perissodactyla Ceratotherium/Rhino G LLB  Laetoli 
Perissodactyla Ceratotherium/Rhino G LLB  Laetoli 
Perissodactyla Ceratotherium/Rhino G LLB  Laetoli 
Perissodactyla Ceratotherium/Rhino G LLB  Laetoli 
Perissodactyla Ceratotherium/Rhino G LLB  Laetoli 
Perissodactyla Hipparion/Eurygnathohippus LLB  Laetoli 
Perissodactyla Hipparion/Eurygnathohippus LLB  Laetoli 
Perissodactyla Hipparion/Eurygnathohippus LLB  Laetoli 
Perissodactyla Hipparion/Eurygnathohippus LLB  Laetoli 
Perissodactyla Hipparion/Eurygnathohippus LLB  Laetoli 
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Perissodactyla Hipparion/Eurygnathohippus LLB  Laetoli 
Perissodactyla Hipparion/Eurygnathohippus LLB  Laetoli 
Proboscidea Anancus LLB  Laetoli 
Proboscidea Anancus LLB  Laetoli 
Proboscidea Loxodonta LLB Noiti 3 Laetoli 
Artiodactyla Aepycerotini Sagantole Segala Noumou Gona 
Artiodactyla Hippopotamidae Sagantole Segala Noumou Gona 
Artiodactyla Hippopotamidae Sagantole Segala Noumou Gona 
Artiodactyla Hippopotamidae Sagantole Segala Noumou Gona 
Artiodactyla Nyanzachoerus Sagantole Segala Noumou Gona 
Artiodactyla Nyanzachoerus Sagantole Segala Noumou Gona 
Artiodactyla Nyanzachoerus Sagantole Segala Noumou Gona 
Artiodactyla Nyanzachoerus Sagantole Segala Noumou Gona 
Artiodactyla Nyanzachoerus Sagantole Segala Noumou Gona 
Artiodactyla Potamochoerus/Kolpochoerus/Hylochoerus Sagantole Segala Noumou Gona 
Artiodactyla Potamochoerus/Kolpochoerus/Hylochoerus Sagantole Segala Noumou Gona 
Artiodactyla Reduncini Sagantole Segala Noumou Gona 
Artiodactyla Tragelaphini Sagantole Segala Noumou Gona 
Artiodactyla Tragelaphini Sagantole Segala Noumou Gona 
Artiodactyla Tragelaphini Sagantole Segala Noumou Gona 
Perissodactyla Ceratotherium/Rhino G Sagantole Segala Noumou Gona 
Perissodactyla Ceratotherium/Rhino G Sagantole Segala Noumou Gona 
Perissodactyla Diceros/Rhino MB Sagantole Segala Noumou Gona 
Perissodactyla Hipparion/Eurygnathohippus Sagantole Segala Noumou Gona 
Perissodactyla Hipparion/Eurygnathohippus Sagantole Segala Noumou Gona 
Perissodactyla Hipparion/Eurygnathohippus Sagantole Segala Noumou Gona 
Proboscidea Anancus Sagantole Segala Noumou Gona 
Proboscidea Anancus Sagantole Segala Noumou Gona 
Artiodactyla Aepycerotini Sagantole  Lower Aramis Member Aramis 
Artiodactyla Aepycerotini Sagantole  Lower Aramis Member Aramis 
Artiodactyla Aepycerotini Sagantole  Lower Aramis Member Aramis 
Artiodactyla Aepycerotini Sagantole  Lower Aramis Member Aramis 
Artiodactyla Aepycerotini Sagantole  Lower Aramis Member Aramis 
Artiodactyla Aepycerotini Sagantole  Lower Aramis Member Aramis 
Artiodactyla Aepycerotini Sagantole  Lower Aramis Member Aramis 
Artiodactyla Aepycerotini Sagantole  Lower Aramis Member Aramis 
Artiodactyla Alcelaphini Sagantole  Lower Aramis Member Aramis 
Artiodactyla Alcelaphini Sagantole  Lower Aramis Member Aramis 
Artiodactyla Alcelaphini Sagantole  Lower Aramis Member Aramis 
Artiodactyla Alcelaphini Sagantole  Lower Aramis Member Aramis 
Artiodactyla Alcelaphini Sagantole  Lower Aramis Member Aramis 
Artiodactyla Bovini Sagantole  Lower Aramis Member Aramis 
Artiodactyla Bovini Sagantole  Lower Aramis Member Aramis 
Artiodactyla Bovini Sagantole  Lower Aramis Member Aramis 
Artiodactyla Bovini Sagantole  Lower Aramis Member Aramis 
Artiodactyla Bovini Sagantole  Lower Aramis Member Aramis 
Artiodactyla Bovini Sagantole  Lower Aramis Member Aramis 
Artiodactyla Bovini Sagantole  Lower Aramis Member Aramis 
Artiodactyla Giraffa Sagantole  Lower Aramis Member Aramis 
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Artiodactyla Giraffa Sagantole  Lower Aramis Member Aramis 
Artiodactyla Giraffa Sagantole  Lower Aramis Member Aramis 
Artiodactyla Giraffa Sagantole  Lower Aramis Member Aramis 
Artiodactyla Hippopotamidae Sagantole  Lower Aramis Member Aramis 
Artiodactyla Hippopotamidae Sagantole  Lower Aramis Member Aramis 
Artiodactyla Hippopotamidae Sagantole  Lower Aramis Member Aramis 
Artiodactyla Hippopotamidae Sagantole  Lower Aramis Member Aramis 
Artiodactyla Hippopotamidae Sagantole  Lower Aramis Member Aramis 
Artiodactyla Hippopotamidae Sagantole  Lower Aramis Member Aramis 
Artiodactyla Hippopotamidae Sagantole  Lower Aramis Member Aramis 
Artiodactyla Hippopotamidae Sagantole  Lower Aramis Member Aramis 
Artiodactyla Hippopotamidae Sagantole  Lower Aramis Member Aramis 
Artiodactyla Hippotragini Sagantole  Lower Aramis Member Aramis 
Artiodactyla Hippotragini Sagantole  Lower Aramis Member Aramis 
Artiodactyla Neotragini Sagantole  Lower Aramis Member Aramis 
Artiodactyla Neotragini Sagantole  Lower Aramis Member Aramis 
Artiodactyla Neotragini Sagantole  Lower Aramis Member Aramis 
Artiodactyla Neotragini Sagantole  Lower Aramis Member Aramis 
Artiodactyla Nyanzachoerus Sagantole  Lower Aramis Member Aramis 
Artiodactyla Nyanzachoerus Sagantole  Lower Aramis Member Aramis 
Artiodactyla Nyanzachoerus Sagantole  Lower Aramis Member Aramis 
Artiodactyla Nyanzachoerus Sagantole  Lower Aramis Member Aramis 
Artiodactyla Nyanzachoerus Sagantole  Lower Aramis Member Aramis 
Artiodactyla Nyanzachoerus Sagantole  Lower Aramis Member Aramis 
Artiodactyla Nyanzachoerus Sagantole  Lower Aramis Member Aramis 
Artiodactyla Nyanzachoerus Sagantole  Lower Aramis Member Aramis 
Artiodactyla Nyanzachoerus Sagantole  Lower Aramis Member Aramis 
Artiodactyla Nyanzachoerus Sagantole  Lower Aramis Member Aramis 
Artiodactyla Nyanzachoerus Sagantole  Lower Aramis Member Aramis 
Artiodactyla Nyanzachoerus Sagantole  Lower Aramis Member Aramis 
Artiodactyla Nyanzachoerus Sagantole  Lower Aramis Member Aramis 
Artiodactyla Nyanzachoerus Sagantole  Lower Aramis Member Aramis 
Artiodactyla Nyanzachoerus Sagantole  Lower Aramis Member Aramis 
Artiodactyla Potamochoerus/Kolpochoerus/Hylochoerus Sagantole  Lower Aramis Member Aramis 
Artiodactyla Potamochoerus/Kolpochoerus/Hylochoerus Sagantole  Lower Aramis Member Aramis 
Artiodactyla Potamochoerus/Kolpochoerus/Hylochoerus Sagantole  Lower Aramis Member Aramis 
Artiodactyla Potamochoerus/Kolpochoerus/Hylochoerus Sagantole  Lower Aramis Member Aramis 
Artiodactyla Potamochoerus/Kolpochoerus/Hylochoerus Sagantole  Lower Aramis Member Aramis 
Artiodactyla Potamochoerus/Kolpochoerus/Hylochoerus Sagantole  Lower Aramis Member Aramis 
Artiodactyla Potamochoerus/Kolpochoerus/Hylochoerus Sagantole  Lower Aramis Member Aramis 
Artiodactyla Sivatherium Sagantole  Lower Aramis Member Aramis 
Artiodactyla Sivatherium Sagantole  Lower Aramis Member Aramis 
Artiodactyla Sivatherium Sagantole  Lower Aramis Member Aramis 
Artiodactyla Sivatherium Sagantole  Lower Aramis Member Aramis 
Artiodactyla Tragelaphini Sagantole  Lower Aramis Member Aramis 
Artiodactyla Tragelaphini Sagantole  Lower Aramis Member Aramis 
Artiodactyla Tragelaphini Sagantole  Lower Aramis Member Aramis 
Artiodactyla Tragelaphini Sagantole  Lower Aramis Member Aramis 
Artiodactyla Tragelaphini Sagantole  Lower Aramis Member Aramis 
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Artiodactyla Tragelaphini Sagantole  Lower Aramis Member Aramis 
Artiodactyla Tragelaphini Sagantole  Lower Aramis Member Aramis 
Artiodactyla Tragelaphini Sagantole  Lower Aramis Member Aramis 
Artiodactyla Tragelaphini Sagantole  Lower Aramis Member Aramis 
Artiodactyla Tragelaphini Sagantole  Lower Aramis Member Aramis 
Artiodactyla Tragelaphini Sagantole  Lower Aramis Member Aramis 
Artiodactyla Tragelaphini Sagantole  Lower Aramis Member Aramis 
Artiodactyla Tragelaphini Sagantole  Lower Aramis Member Aramis 
Artiodactyla Tragelaphini Sagantole  Lower Aramis Member Aramis 
Perissodactyla Ceratotherium/Rhino G Sagantole  Lower Aramis Member Aramis 
Perissodactyla Ceratotherium/Rhino G Sagantole  Lower Aramis Member Aramis 
Perissodactyla Ceratotherium/Rhino G Sagantole  Lower Aramis Member Aramis 
Perissodactyla Ceratotherium/Rhino G Sagantole  Lower Aramis Member Aramis 
Perissodactyla Ceratotherium/Rhino G Sagantole  Lower Aramis Member Aramis 
Perissodactyla Ceratotherium/Rhino G Sagantole  Lower Aramis Member Aramis 
Perissodactyla Ceratotherium/Rhino G Sagantole  Lower Aramis Member Aramis 
Perissodactyla Ceratotherium/Rhino G Sagantole  Lower Aramis Member Aramis 
Perissodactyla Ceratotherium/Rhino G Sagantole  Lower Aramis Member Aramis 
Perissodactyla Ceratotherium/Rhino G Sagantole  Lower Aramis Member Aramis 
Perissodactyla Diceros/Rhino MB Sagantole  Lower Aramis Member Aramis 
Perissodactyla Diceros/Rhino MB Sagantole  Lower Aramis Member Aramis 
Perissodactyla Diceros/Rhino MB Sagantole  Lower Aramis Member Aramis 
Perissodactyla Diceros/Rhino MB Sagantole  Lower Aramis Member Aramis 
Perissodactyla Diceros/Rhino MB Sagantole  Lower Aramis Member Aramis 
Perissodactyla Diceros/Rhino MB Sagantole  Lower Aramis Member Aramis 
Perissodactyla Diceros/Rhino MB Sagantole  Lower Aramis Member Aramis 
Perissodactyla Diceros/Rhino MB Sagantole  Lower Aramis Member Aramis 
Perissodactyla Hipparion/Eurygnathohippus Sagantole  Lower Aramis Member Aramis 
Perissodactyla Hipparion/Eurygnathohippus Sagantole  Lower Aramis Member Aramis 
Perissodactyla Hipparion/Eurygnathohippus Sagantole  Lower Aramis Member Aramis 
Perissodactyla Hipparion/Eurygnathohippus Sagantole  Lower Aramis Member Aramis 
Perissodactyla Hipparion/Eurygnathohippus Sagantole  Lower Aramis Member Aramis 
Perissodactyla Hipparion/Eurygnathohippus Sagantole  Lower Aramis Member Aramis 
Perissodactyla Hipparion/Eurygnathohippus Sagantole  Lower Aramis Member Aramis 
Perissodactyla Hipparion/Eurygnathohippus Sagantole  Lower Aramis Member Aramis 
Perissodactyla Hipparion/Eurygnathohippus Sagantole  Lower Aramis Member Aramis 
Perissodactyla Hipparion/Eurygnathohippus Sagantole  Lower Aramis Member Aramis 
Perissodactyla Hipparion/Eurygnathohippus Sagantole  Lower Aramis Member Aramis 
Proboscidea Anancus Sagantole  Lower Aramis Member Aramis 
Proboscidea Anancus Sagantole  Lower Aramis Member Aramis 
Proboscidea Anancus Sagantole  Lower Aramis Member Aramis 
Proboscidea Anancus Sagantole  Lower Aramis Member Aramis 
Proboscidea Anancus Sagantole  Lower Aramis Member Aramis 
Proboscidea Deinotherium Sagantole  Lower Aramis Member Aramis 
Proboscidea Deinotherium Sagantole  Lower Aramis Member Aramis 
Proboscidea Deinotherium Sagantole  Lower Aramis Member Aramis 
Proboscidea Deinotherium Sagantole  Lower Aramis Member Aramis 
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Artiodactyla Aepycerotini Sagantole As Duma Gona 
Artiodactyla Aepycerotini Sagantole As Duma Gona 
Artiodactyla Aepycerotini Sagantole As Duma Gona 
Artiodactyla Aepycerotini Sagantole As Duma Gona 
Artiodactyla Aepycerotini Sagantole As Duma Gona 
Artiodactyla Bovini Sagantole As Duma Gona 
Artiodactyla Bovini Sagantole As Duma Gona 
Artiodactyla Bovini Sagantole As Duma Gona 
Artiodactyla Giraffidae Sagantole As Duma Gona 
Artiodactyla Hippopotamidae Sagantole As Duma Gona 
Artiodactyla Hippopotamidae Sagantole As Duma Gona 
Artiodactyla Hippopotamidae Sagantole As Duma Gona 
Artiodactyla Hippopotamidae Sagantole As Duma Gona 
Artiodactyla Hippopotamidae Sagantole As Duma Gona 
Artiodactyla Hippopotamidae Sagantole As Duma Gona 
Artiodactyla Hippopotamidae Sagantole As Duma Gona 
Artiodactyla Nyanzachoerus Sagantole As Duma Gona 
Artiodactyla Nyanzachoerus Sagantole As Duma Gona 
Artiodactyla Nyanzachoerus Sagantole As Duma Gona 
Artiodactyla Nyanzachoerus Sagantole As Duma Gona 
Artiodactyla Nyanzachoerus Sagantole As Duma Gona 
Artiodactyla Nyanzachoerus Sagantole As Duma Gona 
Artiodactyla Nyanzachoerus Sagantole As Duma Gona 
Artiodactyla Nyanzachoerus Sagantole As Duma Gona 
Artiodactyla Nyanzachoerus Sagantole As Duma Gona 
Artiodactyla Nyanzachoerus Sagantole As Duma Gona 
Artiodactyla Nyanzachoerus Sagantole As Duma Gona 
Artiodactyla Nyanzachoerus Sagantole As Duma Gona 
Artiodactyla Nyanzachoerus Sagantole As Duma Gona 
Artiodactyla Nyanzachoerus Sagantole As Duma Gona 
Artiodactyla Nyanzachoerus Sagantole As Duma Gona 
Artiodactyla Nyanzachoerus Sagantole As Duma Gona 
Artiodactyla Nyanzachoerus Sagantole As Duma Gona 
Artiodactyla Potamochoerus/Kolpochoerus/Hylochoerus Sagantole As Duma Gona 
Artiodactyla Potamochoerus/Kolpochoerus/Hylochoerus Sagantole As Duma Gona 
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Artiodactyla Sivatherium Sagantole As Duma Gona 
Artiodactyla Tragelaphini Sagantole As Duma Gona 
Artiodactyla Tragelaphini Sagantole As Duma Gona 
Artiodactyla Tragelaphini Sagantole As Duma Gona 
Artiodactyla Tragelaphini Sagantole As Duma Gona 
Artiodactyla Tragelaphini Sagantole As Duma Gona 
Artiodactyla Tragelaphini Sagantole As Duma Gona 
Artiodactyla Tragelaphini Sagantole As Duma Gona 
Artiodactyla Tragelaphini Sagantole As Duma Gona 
Artiodactyla Tragelaphini Sagantole As Duma Gona 
Artiodactyla Tragelaphini Sagantole As Duma Gona 
Perissodactyla Ceratotherium/Rhino G Sagantole As Duma Gona 
Perissodactyla Ceratotherium/Rhino G Sagantole As Duma Gona 
Perissodactyla Diceros/Rhino MB Sagantole As Duma Gona 
Perissodactyla Hipparion/Eurygnathohippus Sagantole As Duma Gona 
Perissodactyla Hipparion/Eurygnathohippus Sagantole As Duma Gona 
Perissodactyla Hipparion/Eurygnathohippus Sagantole As Duma Gona 
Perissodactyla Hipparion/Eurygnathohippus Sagantole As Duma Gona 
Perissodactyla Hipparion/Eurygnathohippus Sagantole As Duma Gona 
Proboscidea Anancus Sagantole As Duma Gona 
Proboscidea Anancus Sagantole As Duma Gona 
Proboscidea Anancus Sagantole As Duma Gona 
Proboscidea Anancus Sagantole As Duma Gona 
Proboscidea Anancus Sagantole As Duma Gona 
Proboscidea Anancus Sagantole As Duma Gona 
Proboscidea Anancus Sagantole As Duma Gona 






APPENDIX FOR CHAPTER 3 CONTINUED 
 
Site δ13C Isotope reference Age range 
Age 
used Age reference 
Trench III 0.2 Chritz et al 2015 
0.0019-
0.0016 0.00175 Chritz et al 2015 
Trench III 0.1 Chritz et al 2015 
0.0019-
0.0016 0.00175 Chritz et al 2015 
Trench III 3.2 Chritz et al 2015 
0.0019-
0.0016 0.00175 Chritz et al 2015 
Trench III -0.4 Chritz et al 2015 
0.0019-
0.0016 0.00175 Chritz et al 2015 
Trench III 1.3 Chritz et al 2015 
0.0019-
0.0016 0.00175 Chritz et al 2015 
Trench III 3.0 Chritz et al 2015 
0.0019-
0.0016 0.00175 Chritz et al 2015 
Trench III 0.6 Chritz et al 2015 
0.0019-
0.0016 0.00175 Chritz et al 2015 
Trench III 2.7 Chritz et al 2015 
0.0019-
0.0016 0.00175 Chritz et al 2015 
Trench III 3.0 Chritz et al 2015 
0.0019-
0.0016 0.00175 Chritz et al 2015 
Trench III 2.1 Chritz et al 2015 
0.0019-
0.0016 0.00175 Chritz et al 2015 
Trench III 0.6 Chritz et al 2015 
0.0019-
0.0016 0.00175 Chritz et al 2015 
Trench III 2.2 Chritz et al 2015 
0.0019-
0.0016 0.00175 Chritz et al 2015 
Trench III 0.0 Chritz et al 2015 
0.0019-
0.0016 0.00175 Chritz et al 2015 
Trench III 2.2 Chritz et al 2015 
0.0019-
0.0016 0.00175 Chritz et al 2015 
Trench III 0.3 Chritz et al 2015 
0.0019-
0.0016 0.00175 Chritz et al 2015 
Trench III 1.4 Chritz et al 2015 
0.0019-
0.0016 0.00175 Chritz et al 2015 
Trench III 1.0 Chritz et al 2015 
0.0019-
0.0016 0.00175 Chritz et al 2015 
Trench III 0.2 Chritz et al 2015 
0.0019-
0.0016 0.00175 Chritz et al 2015 
Trench III -0.5 Chritz et al 2015 
0.0019-
0.0016 0.00175 Chritz et al 2015 
Trench III -0.6 Chritz et al 2015 
0.0019-
0.0016 0.00175 Chritz et al 2015 
Trench III 1.4 Chritz et al 2015 
0.0019-
0.0016 0.00175 Chritz et al 2015 
Trench III 2.3 Chritz et al 2015 
0.0019-
0.0016 0.00175 Chritz et al 2015 
Trench III 2.7 Chritz et al 2015 
0.0019-
0.0016 0.00175 Chritz et al 2015 
Trench III 0.9 Chritz et al 2015 
0.0019-
0.0016 0.00175 Chritz et al 2015 
Trench III 0.0 Chritz et al 2015 
0.0019-
0.0016 0.00175 Chritz et al 2015 
Trench III 0.9 Chritz et al 2015 
0.0019-
0.0016 0.00175 Chritz et al 2015 
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Trench III -0.6 Chritz et al 2015 
0.0019-
0.0016 0.00175 Chritz et al 2015 
Trench III -0.9 Chritz et al 2015 
0.0019-
0.0016 0.00175 Chritz et al 2015 
Trench III -0.3 Chritz et al 2015 
0.0019-
0.0016 0.00175 Chritz et al 2015 
Trench III 1.2 Chritz et al 2015 
0.0019-
0.0016 0.00175 Chritz et al 2015 
Trench III 0.9 Chritz et al 2015 
0.0019-
0.0016 0.00175 Chritz et al 2015 
Trench III 0.9 Chritz et al 2015 
0.0019-
0.0016 0.00175 Chritz et al 2015 
Trench III 0.7 Chritz et al 2015 
0.0019-
0.0016 0.00175 Chritz et al 2015 
Trench III 0.4 Chritz et al 2015 
0.0019-
0.0016 0.00175 Chritz et al 2015 
Trench III -0.3 Chritz et al 2015 
0.0019-
0.0016 0.00175 Chritz et al 2015 
Trench III -5.8 Chritz et al 2015 
0.0019-
0.0016 0.00175 Chritz et al 2015 
Trench III 2.8 Chritz et al 2015 
0.0019-
0.0016 0.00175 Chritz et al 2015 
Trench III 2.3 Chritz et al 2015 
0.0019-
0.0016 0.00175 Chritz et al 2015 
Trench III -0.4 Chritz et al 2015 
0.0019-
0.0016 0.00175 Chritz et al 2015 
Trench III -1.0 Chritz et al 2015 
0.0019-
0.0016 0.00175 Chritz et al 2015 
Trench III 1.0 Chritz et al 2015 
0.0019-
0.0016 0.00175 Chritz et al 2015 
Trench III -9.6 Chritz et al 2015 
0.0019-
0.0016 0.00175 Chritz et al 2015 
Trench III -3.9 Chritz et al 2015 
0.0019-
0.0016 0.00175 Chritz et al 2015 
Trench III -4.1 Chritz et al 2015 
0.0019-
0.0016 0.00175 Chritz et al 2015 
Trench III -9.6 Chritz et al 2015 
0.0019-
0.0016 0.00175 Chritz et al 2015 
Trench III 1.5 Chritz et al 2015 
0.0019-
0.0016 0.00175 Chritz et al 2015 
Trench III 2.0 Chritz et al 2015 
0.0019-
0.0016 0.00175 Chritz et al 2015 
Trench III 1.3 Chritz et al 2015 
0.0019-
0.0016 0.00175 Chritz et al 2015 
Trench III 0.8 Chritz et al 2015 
0.0019-
0.0016 0.00175 Chritz et al 2015 
Trench III 0.1 Chritz et al 2015 
0.0019-
0.0016 0.00175 Chritz et al 2015 
Trench III 1.6 Chritz et al 2015 
0.0019-
0.0016 0.00175 Chritz et al 2015 
Trench III 0.6 Chritz et al 2015 
0.0019-
0.0016 0.00175 Chritz et al 2015 
Trench III 0.5 Chritz et al 2015 
0.0019-
0.0016 0.00175 Chritz et al 2015 
Trench III 0.0 Chritz et al 2015 
0.0019-
0.0016 0.00175 Chritz et al 2015 
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Trench III 0.1 Chritz et al 2015 
0.0019-
0.0016 0.00175 Chritz et al 2015 
Trench III 0.0 Chritz et al 2015 
0.0019-
0.0016 0.00175 Chritz et al 2015 
Rusinga -1.3 Garrett et al 2015 0.1-0.033 0.07 Tryon et al 2010 
Mfangano 1.3 Garrett et al 2015 0.1-0.033 0.07 Tryon et al 2010 
Mfangano 2.8 Garrett et al 2015 0.1-0.033 0.07 Tryon et al 2010 
Kakrigu 0.9 Garrett et al 2015 0.1-0.033 0.07 Tryon et al 2010 
Nyamsingula 1.0 this study 0.1-0.033 0.07 Tryon et al 2010 
Nyamsingula 2.2 this study 0.1-0.033 0.07 Tryon et al 2010 
Nyamsingula -0.3 this study 0.1-0.033 0.07 Tryon et al 2010 
Nyamsingula 1.1 this study 0.1-0.033 0.07 Tryon et al 2010 
Nyamsingula 2.7 this study 0.1-0.033 0.07 Tryon et al 2010 
Waregi 2.8 Garrett et al 2015 0.1-0.033 0.07 Tryon et al 2010 
Nyamsingula 2.5 Garrett et al 2015 0.1-0.033 0.07 Tryon et al 2010 
Nyamita 3.4 Garrett et al 2015 0.1-0.033 0.07 Tryon et al 2010 
Nyamsingula 2.4 Garrett et al 2015 0.1-0.033 0.07 Tryon et al 2010 
Nyamsingula 1.1 Garrett et al 2015 0.1-0.033 0.07 Tryon et al 2010 
Nyamsingula 2.2 Garrett et al 2015 0.1-0.033 0.07 Tryon et al 2010 
Nyamsingula 3.0 Garrett et al 2015 0.1-0.033 0.07 Tryon et al 2010 
Nyamsingula 2.5 Garrett et al 2015 0.1-0.033 0.07 Tryon et al 2010 
Nyamita 3.4 Garrett et al 2015 0.1-0.033 0.07 Tryon et al 2010 
Nyamita 2.2 Garrett et al 2015 0.1-0.033 0.07 Tryon et al 2010 
Nyamita 2.1 Garrett et al 2015 0.1-0.033 0.07 Tryon et al 2010 
Nyamita -1.7 Garrett et al 2015 0.1-0.033 0.07 Tryon et al 2010 
Nyamita -4.9 Garrett et al 2015 0.1-0.033 0.07 Tryon et al 2010 
Nyamita 1.7 Garrett et al 2015 0.1-0.033 0.07 Tryon et al 2010 
Rusinga 1.9 Garrett et al 2015 0.1-0.033 0.07 Tryon et al 2010 
Nyamsingula 1.1 Garrett et al 2015 0.1-0.033 0.07 Tryon et al 2010 
Nyamita 1.7 Garrett et al 2015 0.1-0.033 0.07 Tryon et al 2010 
Nyamsingula 0.9 Garrett et al 2015 0.1-0.033 0.07 Tryon et al 2010 
Wakonda 0.9 Garrett et al 2015 0.1-0.033 0.07 Tryon et al 2010 
Nyamita 0.9 Garrett et al 2015 0.1-0.033 0.07 Tryon et al 2010 
Wakonda 2.3 Garrett et al 2015 0.1-0.033 0.07 Tryon et al 2010 
Wakonda 1.5 Garrett et al 2015 0.1-0.033 0.07 Tryon et al 2010 
Nyamsingula -4.4 Garrett et al 2015 0.1-0.033 0.07 Tryon et al 2010 
Rusinga 2.5 Garrett et al 2015 0.1-0.033 0.07 Tryon et al 2010 
Nyamsingula 1.2 Garrett et al 2015 0.1-0.033 0.07 Tryon et al 2010 
Wakonda 1.0 Garrett et al 2015 0.1-0.033 0.07 Tryon et al 2010 
Onge 2.7 Faith et al 2015 .094-.045 0.07 Faith et al in 2015 
Kisaaka 2.2 Faith et al 2015 .094-.045 0.07 Faith et al in 2015 
Kisaaka -0.4 Faith et al 2015 .094-.045 0.07 Faith et al in 2015 
Onge 2.6 Faith et al 2015 .094-.045 0.07 Faith et al in 2015 
Kisaaka 2.0 Faith et al 20151 .094-.045 0.07 Faith et al in 2015 
Onge 2.4 Faith et al 2015 .094-.045 0.07 Faith et al in 2015 
Kisaaka 0.7 Faith et al 2015 .094-.045 0.07 Faith et al in 2015 
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Kisaaka 1.1 Faith et al 2015 .094-.045 0.07 Faith et al in 2015 
Kisaaka 0.2 this study .094-.045 0.07 Faith et al in 2015 
Kisaaka 1.7 Faith et al 2015 .094-.045 0.07 Faith et al in 2015 
Aoch Nysayaya 2.6 Faith et al 2015 .094-.045 0.07 Faith et al in 2015 
Aoch Nyasaya 2.3 this study .094-.045 0.07 Faith et al in 2015 
Kisaaka 3.1 this study .094-.045 0.07 Faith et al in 2015 
Aringo 2.5 this study .094-.045 0.07 Faith et al in 2015 
Kisaaka 1.2 this study .094-.045 0.07 Faith et al in 2015 
Aringo 2.1 this study .094-.045 0.07 Faith et al in 2015 
Nyamsingula -3.2 Garrett et al 2015 0.1-0.033 0.07 Tryon et al 2010 
Kisaaka -0.9 Faith et al 2015 .094-.045 0.07 Faith et al in 2015 
Kisaaka -0.1 this study .094-.045 0.07 Faith et al in 2015 
Kisaaka -1.7 this study .094-.045 0.07 Faith et al in 2015 
Kisaaka -3.4 this study .094-.045 0.07 Faith et al in 2015 
Kakrigu 1.9 Garrett et al 2015 0.1-0.033 0.07 Tryon et al 2010 
Walangani -4.1 Garrett et al 2015 0.1-0.033 0.07 Tryon et al 2010 
Wakondo 1.8 this study 0.1-0.033 0.07 Tryon et al 2010 
Wakonda 1.8 Garrett et al 2015 0.1-0.033 0.07 Tryon et al 2010 
Gumba 2.2 Garrett et al 2015 0.1-0.033 0.07 Tryon et al 2010 
Nyamsingula -1.4 Garrett et al 2015 0.1-0.033 0.07 Tryon et al 2010 
Aoch Nysayaya 2.0 Faith et al 2015 .094-.045 0.07 Faith et al in 2015 
Aringo -0.2 Faith et al 2015 .094-.045 0.07 Faith et al in 2015 
Aoch Nysayaya 0.1 Faith et al 2015 .094-.045 0.07 Faith et al in 2015 
Kisaaka 3.2 Faith et al 2015 .094-.045 0.07 Faith et al in 2015 
Aoch Nysayaya -0.7 Faith et al 2015 .094-.045 0.07 Faith et al in 2015 
Kakrigu -11.3 Garrett et al 2015 0.1-0.033 0.07 Tryon et al 2010 
Nyamita -4.0 this study 0.1-0.033 0.07 Tryon et al 2010 
Aringo -2.2 this study .094-.045 0.07 Faith et al in 2015 
Kisaaka 1.2 this study .094-.045 0.07 Faith et al in 2015 
Kisaaka 1.0 this study .094-.045 0.07 Faith et al in 2015 
Kisaaka -1.0 this study .094-.045 0.07 Faith et al in 2015 
Onge  0.5 this study .094-.045 0.07 Faith et al in 2015 
Onge  0.9 this study .094-.045 0.07 Faith et al in 2015 
Kisaaka 1.1 this study .094-.045 0.07 Faith et al in 2015 
Onge  -7.4 this study .094-.045 0.07 Faith et al in 2015 
Nyamsingula -0.1 Garrett et al 2015 0.1-0.033 0.07 Tryon et al 2010 
Kisaaka 3.1 this study .094-.045 0.07 Faith et al in 2015 
Kisaaka 2.0 this study .094-.045 0.07 Faith et al in 2015 
Kisaaka 3.2 this study .094-.045 0.07 Faith et al in 2015 
Nyamsingula 1.4 Garrett et al 2015 0.1-0.033 0.07 Tryon et al 2010 
Nyamsingula -0.4 Garrett et al 2015 0.1-0.033 0.07 Tryon et al 2010 
Nyamsingula 1.4 Garrett et al 2015 0.1-0.033 0.07 Tryon et al 2010 
Nyamita 0.2 Garrett et al 2015 0.1-0.033 0.07 Tryon et al 2010 
Aoch Nysayaya 1.2 this study .094-.045 0.07 Faith et al in 2015 
Aringo -4.7 this study .094-.045 0.07 Faith et al in 2015 
Onge  1.9 this study .094-.045 0.07 Faith et al in 2015 
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Kisaaka 1.7 this study .094-.045 0.07 Faith et al in 2015 
Obware 0.5 this study .094-.045 0.07 Faith et al in 2015 
Aringo 1.7 this study .094-.045 0.07 Faith et al in 2015 
Nyamsingula 0.5 this study 0.1-0.033 0.07 Tryon et al 2010 
Onge 1.8 Faith et al 2015 .094-.045 0.07 Faith et al in 2015 
Aringo 2.6 Faith et al 2015 .094-.045 0.07 Faith et al in 2015 
Nyamsingula 2.3 Garrett et al 2015 0.1-0.033 0.07 Tryon et al 2010 
Kakrigu -0.9 Garrett et al 2015 0.1-0.033 0.07 Tryon et al 2010 
Nyamsingula -3.4 this study 0.1-0.033 0.07 Tryon et al 2010 
Nyamsingula 1.7 Garrett et al 2015 0.1-0.033 0.07 Tryon et al 2010 
Nyamsingula 1.6 Garrett et al 2015 0.1-0.033 0.07 Tryon et al 2010 
Nyamsingula -3.4 Garrett et al 2015 0.1-0.033 0.07 Tryon et al 2010 
Nyamita 2.6 Garrett et al 2015 0.1-0.033 0.07 Tryon et al 2010 
Nyamita 2.1 Garrett et al 2015 0.1-0.033 0.07 Tryon et al 2010 
Aoch Nysayaya 2.3 Faith et al 2015 .094-.045 0.07 Faith et al in 2015 
Kisaaka 1.0 this study .094-.045 0.07 Faith et al in 2015 
Aringo 3.8 this study .094-.045 0.07 Faith et al in 2015 
Nyamita -6.2 Garrett et al 2015 0.1-0.033 0.07 Tryon et al 2010 
Kisaaka -3.0 this study .094-.045 0.07 Faith et al in 2015 
Kisaaka -4.1 this study .094-.045 0.07 Faith et al in 2015 
Aringo -13.0 this study .094-.045 0.07 Faith et al in 2015 
Kisaaka -5.8 this study .094-.045 0.07 Faith et al in 2015 
Kisaaka -10.4 this study .094-.045 0.07 Faith et al in 2015 
Aringo 1.1 this study .094-.045 0.07 Faith et al in 2015 
Aringo 1.4 this study .094-.045 0.07 Faith et al in 2015 
Aringo 1.2 this study .094-.045 0.07 Faith et al in 2015 
Aringo 1.0 this study .094-.045 0.07 Faith et al in 2015 
Kisaaka 1.1 this study .094-.045 0.07 Faith et al in 2015 
Kakrigu 1.4 Garrett et al 2015 0.1-0.033 0.07 Tryon et al 2010 
Kiahera 1.9 Garrett et al 2015 0.1-0.033 0.07 Tryon et al 2010 
Kaswanga 1.9 Garrett et al 2015 0.1-0.033 0.07 Tryon et al 2010 
Nyamsingula 0.8 Garrett et al 2015 0.1-0.033 0.07 Tryon et al 2010 
Nyamita 1.4 Garrett et al 2015 0.1-0.033 0.07 Tryon et al 2010 
Nyamsingula 2.0 Garrett et al 2015 0.1-0.033 0.07 Tryon et al 2010 
Nyamsingula -0.4 Garrett et al 2015 0.1-0.033 0.07 Tryon et al 2010 
Gumba 1.6 Garrett et al 2015 0.1-0.033 0.07 Tryon et al 2010 
Gumba 2.5 Garrett et al 2015 0.1-0.033 0.07 Tryon et al 2010 
Aringo 1.6 this study .094-.045 0.07 Faith et al in 2015 
Aringo 2.3 this study .094-.045 0.07 Faith et al in 2015 
Onge 2.0 this study .094-.045 0.07 Faith et al in 2015 
Onge 1.9 this study .094-.045 0.07 Faith et al in 2015 
Kisaaka 2.1 this study .094-.045 0.07 Faith et al in 2015 
Kisaaka 1.9 this study .094-.045 0.07 Faith et al in 2015 
Kisaaka 2.1 this study .094-.045 0.07 Faith et al in 2015 
Kisaaka 1.7 this study .094-.045 0.07 Faith et al in 2015 
Kisaaka 0.6 this study .094-.045 0.07 Faith et al in 2015 
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Aringo -3.8 this study .094-.045 0.07 Faith et al in 2015 
Onge 1.6 this study .094-.045 0.07 Faith et al in 2015 
Aringo 2.2 this study .094-.045 0.07 Faith et al in 2015 
Aringo -0.5 this study .094-.045 0.07 Faith et al in 2015 
Aoch Nysayaya 0.3 this study .094-.045 0.07 Faith et al in 2015 
Onge -9.1 this study .094-.045 0.07 Faith et al in 2015 
GP Site, Exc. 3 2.7 this study 0.781-0 0.39 Ditchfield et al 1999 
KN-5 surface, GP  4.3 this study 0.781-0 0.39 Ditchfield et al 1999 
MT site 3.2 this study 0.781-0 0.39 Ditchfield et al 1999 
MT site -6.7 this study 0.781-0 0.39 Ditchfield et al 1999 
MT site 1.1 this study 0.781-0 0.39 Ditchfield et al 1999 
KN-5 surface 2.0 this study 0.781-0 0.39 Ditchfield et al 1999 
KN-5 surface -13.5 this study 0.781-0 0.39 Ditchfield et al 1999 
Monkey Molar Site 1.1 this study 0.781-0 0.39 Ditchfield et al 1999 
Monkey Molar Site 2.9 this study 0.781-0 0.39 Ditchfield et al 1999 
KN-5 surface, GP -9.0 this study 0.781-0 0.39 Ditchfield et al 1999 
GP Site, Exc. 3 2.8 this study 0.781-0 0.39 Ditchfield et al 1999 
GP Site, Exc. 3 2.0 this study 0.781-0 0.39 Ditchfield et al 1999 
KN-5 surface 2.1 this study 0.781-0 0.39 Ditchfield et al 1999 
KN-5 surface -0.1 this study 0.781-0 0.39 Ditchfield et al 1999 
KN-5 surface, GP 2.0 this study 0.781-0 0.39 Ditchfield et al 1999 
KN-5 surface, GP 1.9 this study 0.781-0 0.39 Ditchfield et al 1999 
Monkey Molar Site 0.8 this study 0.781-0 0.39 Ditchfield et al 1999 
GP Site -2.5 this study 0.781-0 0.39 Ditchfield et al 1999 
GP Site -2.3 this study 0.781-0 0.39 Ditchfield et al 1999 
GP Site, Exc. 3 -1.3 this study 0.781-0 0.39 Ditchfield et al 1999 
GP Site, Exc. 3 -1.7 this study 0.781-0 0.39 Ditchfield et al 1999 
GP Site, Exc. 3 -2.6 this study 0.781-0 0.39 Ditchfield et al 1999 
KN-5 surface 0.5 this study 0.781-0 0.39 Ditchfield et al 1999 
 0.7 this study 0.781-0 0.39 Ditchfield et al 1999 
KN-5 surface 1.6 this study 0.781-0 0.39 Ditchfield et al 1999 
20m W of GP site 0.9 this study 0.781-0 0.39 Ditchfield et al 1999 
surface -0.8 this study 0.781-0 0.39 Ditchfield et al 1999 
 1.1 this study 0.781-0 0.39 Ditchfield et al 1999 
GP site -4.0 this study 0.781-0 0.39 Ditchfield et al 1999 
GP site -4.9 this study 0.781-0 0.39 Ditchfield et al 1999 
KN-5 surface 0.4 this study 0.781-0 0.39 Ditchfield et al 1999 
KN-5 surface 0.5 this study 0.781-0 0.39 Ditchfield et al 1999 
KN-5 surface 1.6 this study 0.781-0 0.39 Ditchfield et al 1999 
20m W of GP site 1.4 this study 0.781-0 0.39 Ditchfield et al 1999 
GP Site, Exc. 3 1.5 this study 0.781-0 0.39 Ditchfield et al 1999 
20m W of GP site 0.2 this study 0.781-0 0.39 Ditchfield et al 1999 
GP Site, Exc. 3 1.6 this study 0.781-0 0.39 Ditchfield et al 1999 
surface 1.3 this study 0.781-0 0.39 Ditchfield et al 1999 
KN-5 surface 1.0 this study 0.781-0 0.39 Ditchfield et al 1999 
KN-5 surface 0.1 this study 0.781-0 0.39 Ditchfield et al 1999 
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 0.7 this study 0.781-0 0.39 Ditchfield et al 1999 
MT Site -11.4 this study 0.781-0 0.39 Ditchfield et al 1999 
Monkey Molar Site -10.9 this study 0.781-0 0.39 Ditchfield et al 1999 
KN-5 surface, GP 1.9 this study 0.781-0 0.39 Ditchfield et al 1999 
KN-5 surface, GP 0.6 this study 0.781-0 0.39 Ditchfield et al 1999 
Asbole 0.4 Bedaso et al. 2010 0.8-0.64 0.72 Geraads et al. 2004 
Asbole 0.9 Bedaso et al. 2010 0.8-0.64 0.72 Geraads et al. 2004 
Asbole 2.5 Bedaso et al. 2010 0.8-0.64 0.72 Geraads et al. 2004 
Asbole -4.7 Bedaso et al. 2010 0.8-0.64 0.72 Geraads et al. 2004 
Asbole -7.7 Bedaso et al. 2010 0.8-0.64 0.72 Geraads et al. 2004 
Asbole -5.5 Bedaso et al. 2010 0.8-0.64 0.72 Geraads et al. 2004 
Asbole -8.0 Bedaso et al. 2010 0.8-0.64 0.72 Geraads et al. 2004 
Asbole -6.4 Bedaso et al. 2010 0.8-0.64 0.72 Geraads et al. 2004 
Asbole -4.2 Bedaso et al. 2010 0.8-0.64 0.72 Geraads et al. 2004 
Asbole -5.7 Bedaso et al. 2010 0.8-0.64 0.72 Geraads et al. 2004 
Asbole -3.3 Bedaso et al. 2010 0.8-0.64 0.72 Geraads et al. 2004 
Asbole -0.1 Bedaso et al. 2010 0.8-0.64 0.72 Geraads et al. 2004 
Asbole 0.8 Bedaso et al. 2010 0.8-0.64 0.72 Geraads et al. 2004 
Asbole 0.7 Bedaso et al. 2010 0.8-0.64 0.72 Geraads et al. 2004 
Asbole 1.8 Bedaso et al. 2010 0.8-0.64 0.72 Geraads et al. 2004 
Asbole -2.3 Bedaso et al. 2010 0.8-0.64 0.72 Geraads et al. 2004 
Asbole 2.5 Bedaso et al. 2010 0.8-0.64 0.72 Geraads et al. 2004 
Asbole -0.9 Bedaso et al. 2010 0.8-0.64 0.72 Geraads et al. 2004 
Asbole 0.9 Bedaso et al. 2010 0.8-0.64 0.72 Geraads et al. 2004 
Asbole 2.7 Bedaso et al. 2010 0.8-0.64 0.72 Geraads et al. 2004 
Asbole 1.2 Bedaso et al. 2010 0.8-0.64 0.72 Geraads et al. 2004 
Asbole 3.3 Bedaso et al. 2010 0.8-0.64 0.72 Geraads et al. 2004 
Asbole 0.0 Bedaso et al. 2010 0.8-0.64 0.72 Geraads et al. 2004 
Asbole -8.5 Bedaso et al. 2010 0.8-0.64 0.72 Geraads et al. 2004 
Asbole -8.9 Bedaso et al. 2010 0.8-0.64 0.72 Geraads et al. 2004 
Asbole -1.0 Bedaso et al. 2010 0.8-0.64 0.72 Geraads et al. 2004 
Asbole -1.5 Bedaso et al. 2010 0.8-0.64 0.72 Geraads et al. 2004 
Asbole -1.4 Bedaso et al. 2010 0.8-0.64 0.72 Geraads et al. 2004 
Asbole 1.1 Bedaso et al. 2010 0.8-0.64 0.72 Geraads et al. 2004 
Asbole 0.1 Bedaso et al. 2010 0.8-0.64 0.72 Geraads et al. 2004 
Asbole -0.4 Bedaso et al. 2010 0.8-0.64 0.72 Geraads et al. 2004 
Asbole -0.3 Bedaso et al. 2010 0.8-0.64 0.72 Geraads et al. 2004 
Asbole 0.2 Bedaso et al. 2010 0.8-0.64 0.72 Geraads et al. 2004 
Asbole 2.3 Bedaso et al. 2010 0.8-0.64 0.72 Geraads et al. 2004 
Asbole 1.9 Bedaso et al. 2010 0.8-0.64 0.72 Geraads et al. 2004 
Asbole -3.0 Bedaso et al. 2010 0.8-0.64 0.72 Geraads et al. 2004 
Asbole 1.2 Bedaso et al. 2010 0.8-0.64 0.72 Geraads et al. 2004 
Asbole 0.3 Bedaso et al. 2010 0.8-0.64 0.72 Geraads et al. 2004 
Asbole 0.2 Bedaso et al. 2010 0.8-0.64 0.72 Geraads et al. 2004 
Asbole 1.1 Bedaso et al. 2010 0.8-0.64 0.72 Geraads et al. 2004 
Asbole 0.3 Bedaso et al. 2010 0.8-0.64 0.72 Geraads et al. 2004 
	 310 
Asbole -5.7 Bedaso et al. 2010 0.8-0.64 0.72 Geraads et al. 2004 
Asbole 1.8 Bedaso et al. 2010 0.8-0.64 0.72 Geraads et al. 2004 
Asbole -2.6 Bedaso et al. 2010 0.8-0.64 0.72 Geraads et al. 2004 
Asbole 3.1 Bedaso et al. 2010 0.8-0.64 0.72 Geraads et al. 2004 
Asbole -0.2 Bedaso et al. 2010 0.8-0.64 0.72 Geraads et al. 2004 
Asbole -6.5 Bedaso et al. 2010 0.8-0.64 0.72 Geraads et al. 2004 
Asbole -11.4 Bedaso et al. 2010 0.8-0.64 0.72 Geraads et al. 2004 
Asbole -3.7 Bedaso et al. 2010 0.8-0.64 0.72 Geraads et al. 2004 
Asbole -5.5 Bedaso et al. 2010 0.8-0.64 0.72 Geraads et al. 2004 
Asbole -1.4 Bedaso et al. 2010 0.8-0.64 0.72 Geraads et al. 2004 
Asbole -0.4 Bedaso et al. 2010 0.8-0.64 0.72 Geraads et al. 2004 
KN-3 clays 3.2 this study 1.173-0.781 0.98 Ditchfield et al 1999 
 4.1 this study 1.173-0.781 0.98 Ditchfield et al 1999 
SM site 4.2 this study 1.173-0.781 0.98 Ditchfield et al 1999 
KN-3 surface 3.2 this study 1.173-0.781 0.98 Ditchfield et al 1999 
 3.6 this study 1.173-0.781 0.98 Ditchfield et al 1999 
 3.5 this study 1.173-0.781 0.98 Ditchfield et al 1999 
 3.3 this study 1.173-0.781 0.98 Ditchfield et al 1999 
 4.7 this study 1.173-0.781 0.98 Ditchfield et al 1999 
KN-4 surface 2.8 this study 1.173-0.781 0.98 Ditchfield et al 1999 
KN-4 surface 2.6 this study 1.173-0.781 0.98 Ditchfield et al 1999 
KN-4 surface 2.1 this study 1.173-0.781 0.98 Ditchfield et al 1999 
 2.6 this study 1.173-0.781 0.98 Ditchfield et al 1999 
KN-4 surface 3.4 this study 1.173-0.781 0.98 Ditchfield et al 1999 
KN-4 surface 2.0 this study 1.173-0.781 0.98 Ditchfield et al 1999 
KN-3/4 surface 2.5 this study 1.173-0.781 0.98 Ditchfield et al 1999 
 2.7 this study 1.173-0.781 0.98 Ditchfield et al 1999 
KN-4 surface 0.9 this study 1.173-0.781 0.98 Ditchfield et al 1999 
KN-4 surface 0.7 this study 1.173-0.781 0.98 Ditchfield et al 1999 
 1.0 this study 1.173-0.781 0.98 Ditchfield et al 1999 
AC Site 1.0 this study 1.173-0.781 0.98 Ditchfield et al 1999 
KN-3/4 surface 3.0 this study 1.173-0.781 0.98 Ditchfield et al 1999 
MC Site 2.5 this study 1.173-0.781 0.98 Ditchfield et al 1999 
KN3 surface -5.9 this study 1.173-0.781 0.98 Ditchfield et al 1999 
MC Site -9.9 this study 1.173-0.781 0.98 Ditchfield et al 1999 
KN-4 surface 2.5 this study 1.173-0.781 0.98 Ditchfield et al 1999 
MC Site 1.4 this study 1.173-0.781 0.98 Ditchfield et al 1999 
Felid Hill 2.2 this study 1.07-0.99 1.03 Ditchfield et al 1999 
Felid Hill 3.2 this study 1.07-0.99 1.03 Ditchfield et al 1999 
Felid Hill 2.5 this study 1.07-0.99 1.03 Ditchfield et al 1999 
Felid Hill 2.5 this study 1.07-0.99 1.03 Ditchfield et al 1999 
Felid Hill 1.9 this study 1.07-0.99 1.03 Ditchfield et al 1999 
Felid Hill 2.6 this study 1.07-0.99 1.03 Ditchfield et al 1999 
slope below RFCA3 3.8 this study 1.07-0.99 1.03 Ditchfield et al 1999 
Dinofelis site 0.7 this study 1.07-0.99 1.03 Ditchfield et al 1999 
Felid Hill 1.8 this study 1.07-0.99 1.03 Ditchfield et al 1999 
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Felid Hill 1.4 this study 1.07-0.99 1.03 Ditchfield et al 1999 
Felid Hill 2.8 this study 1.07-0.99 1.03 Ditchfield et al 1999 
slope E of EST -1.8 this study 1.07-0.99 1.03 Ditchfield et al 1999 
Felid Hill 4.3 this study 1.07-0.99 1.03 Ditchfield et al 1999 
Felid Hill 2.7 this study 1.07-0.99 1.03 Ditchfield et al 1999 
Felid Hill 3.4 this study 1.07-0.99 1.03 Ditchfield et al 1999 
Felid Hill 2.7 this study 1.07-0.99 1.03 Ditchfield et al 1999 
Felid Hill 2.1 this study 1.07-0.99 1.03 Ditchfield et al 1999 
Felid Hill 2.3 this study 1.07-0.99 1.03 Ditchfield et al 1999 
Felid Hill -1.1 this study 1.07-0.99 1.03 Ditchfield et al 1999 
col. Area 2 1.4 this study 1.07-0.99 1.03 Ditchfield et al 1999 
KEG-95 trench 0.3 this study 1.07-0.99 1.03 Ditchfield et al 1999 
Equid tooth site 0.9 this study 1.07-0.99 1.03 Ditchfield et al 1999 
col. Area 2 3.0 this study 1.07-0.99 1.03 Ditchfield et al 1999 
surface -0.8 this study 1.07-0.99 1.03 Ditchfield et al 1999 
S end of KE gully 1.8 this study 1.07-0.99 1.03 Ditchfield et al 1999 
RFCA3 Top 1.3 this study 1.07-0.99 1.03 Ditchfield et al 1999 
RFCA3 1.2 this study 1.07-0.99 1.03 Ditchfield et al 1999 
Felid Hill 0.9 this study 1.07-0.99 1.03 Ditchfield et al 1999 
surface 1.6 this study 1.07-0.99 1.03 Ditchfield et al 1999 
surface 1.9 this study 1.07-0.99 1.03 Ditchfield et al 1999 
Felid Hill -0.4 this study 1.07-0.99 1.03 Ditchfield et al 1999 
Felid Hill 2.7 this study 1.07-0.99 1.03 Ditchfield et al 1999 
 1.2 this study 1.07-0.99 1.03 Ditchfield et al 1999 
col. Area 2 0.5 this study 1.07-0.99 1.03 Ditchfield et al 1999 
slope E of ETS 1.9 this study 1.07-0.99 1.03 Ditchfield et al 1999 
surface N or  cliff -8.5 this study 1.07-0.99 1.03 Ditchfield et al 1999 
RFCA3 Test sq -8.5 this study 1.07-0.99 1.03 Ditchfield et al 1999 
Hot spring slope 1 -0.3 this study 1.07-0.99 1.03 Ditchfield et al 1999 
RFCA 4 2.5 this study 1.07-0.99 1.03 Ditchfield et al 1999 
Felid Hill 2.0 this study 1.07-0.99 1.03 Ditchfield et al 1999 
RFCA3 0.4 this study 1.07-0.99 1.03 Ditchfield et al 1999 
Felid Hill 0.7 this study 1.07-0.99 1.03 Ditchfield et al 1999 
slope E of ETS 1.3 this study 1.07-0.99 1.03 Ditchfield et al 1999 
 1.5 
van der Merwe 
2009 1.2-1.1 1.15 Deino et al. 2006 
 1.8 
van der Merwe 
2009 1.2-1.1 1.15 Deino et al. 2006 
 0.9 
van der Merwe 
2009 1.2-1.1 1.15 Deino et al. 2006 
 1.6 
van der Merwe 
2009 1.2-1.1 1.15 Deino et al. 2006 
 0.0 
van der Merwe 
2009 1.2-1.1 1.15 Deino et al. 2006 
 -1.0 
van der Merwe 
2009 1.2-1.1 1.15 Deino et al. 2006 
 2.8 
van der Merwe 
2009 1.2-1.1 1.15 Deino et al. 2006 
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 2.7 
van der Merwe 
2009 1.2-1.1 1.15 Deino et al. 2006 
 1.6 
van der Merwe 
2009 1.2-1.1 1.15 Deino et al. 2006 
 1.1 
van der Merwe 
2009 1.2-1.1 1.15 Deino et al. 2006 
 0.9 
van der Merwe 
2009 1.2-1.1 1.15 Deino et al. 2006 
 -0.1 
van der Merwe 
2009 1.2-1.1 1.15 Deino et al. 2006 
 -0.6 
van der Merwe 
2009 1.2-1.1 1.15 Deino et al. 2006 
 -2.1 
van der Merwe 
2009 1.2-1.1 1.15 Deino et al. 2006 
 -2.6 
van der Merwe 
2009 1.2-1.1 1.15 Deino et al. 2006 
 1.0 
van der Merwe 
2009 1.2-1.1 1.15 Deino et al. 2006 
 1.7 
van der Merwe 
2009 1.2-1.1 1.15 Deino et al. 2006 
 -0.7 
van der Merwe 
2009 1.2-1.1 1.15 Deino et al. 2006 
 -0.8 
van der Merwe 
2009 1.2-1.1 1.15 Deino et al. 2006 
 -1.8 
van der Merwe 
2009 1.2-1.1 1.15 Deino et al. 2006 
 0.5 
van der Merwe 
2009 1.2-1.1 1.15 Deino et al. 2006 
 -1.9 
van der Merwe 
2009 1.2-1.1 1.15 Deino et al. 2006 
 1.2 
van der Merwe 
2009 1.2-1.1 1.15 Deino et al. 2006 
 1.7 
van der Merwe 
2009 1.2-1.1 1.15 Deino et al. 2006 
 -1.0 
van der Merwe 
2009 1.2-1.1 1.15 Deino et al. 2006 
 -4.6 
van der Merwe 
2009 1.2-1.1 1.15 Deino et al. 2006 
 1.9 
van der Merwe 
2009 1.2-1.1 1.15 Deino et al. 2006 
 -0.1 
van der Merwe 
2009 1.2-1.1 1.15 Deino et al. 2006 
 0.1 
van der Merwe 
2009 1.2-1.1 1.15 Deino et al. 2006 
 -0.2 
van der Merwe 
2009 1.2-1.1 1.15 Deino et al. 2006 
 -0.3 
van der Merwe 
2009 1.2-1.1 1.15 Deino et al. 2006 
 -1.4 
van der Merwe 
2009 1.2-1.1 1.15 Deino et al. 2006 
 0.6 
van der Merwe 
2009 1.2-1.1 1.15 Deino et al. 2006 
 -0.5 
van der Merwe 
2009 1.2-1.1 1.15 Deino et al. 2006 
 -0.9 
van der Merwe 
2009 1.2-1.1 1.15 Deino et al. 2006 
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 -0.4 
van der Merwe 
2009 1.2-1.1 1.15 Deino et al. 2006 
 3.2 this study 1.778-1.1072 1.43 
Behrensmeyer et al 
1995 
KN-2A Island 1.9 this study 1.778-1.1072 1.43 
Behrensmeyer et al 
1995 
 2.6 this study 1.778-1.1072 1.43 
Behrensmeyer et al 
1995 
KN-2a surface 1.4 this study 1.778-1.1072 1.43 
Behrensmeyer et al 
1995 
 1.8 this study 1.778-1.1072 1.43 
Behrensmeyer et al 
1995 
 1.1 this study 1.778-1.1072 1.43 
Behrensmeyer et al 
1995 
 0.5 this study 1.778-1.1072 1.43 
Behrensmeyer et al 
1995 
KN-2a Island 2.3 this study 1.778-1.1072 1.43 
Behrensmeyer et al 
1995 
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2013 1.74-1.785 1.76 Ashley 2007 
 3.3 
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van der Merwe 
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 0.9 
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 0.2 
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 -7.7 
van der Merwe 
2013 1.74-1.785 1.76 Ashley 2007 
 -9.0 
van der Merwe 
2013 1.74-1.785 1.76 Ashley 2007 
 1.2 
van der Merwe 
2013 1.74-1.785 1.76 Ashley 2007 
 0.3 
van der Merwe 
2013 1.74-1.785 1.76 Ashley 2007 
 0.0 
van der Merwe 
2013 1.74-1.785 1.76 Ashley 2007 
 -5.2 
van der Merwe 
2013 1.74-1.785 1.76 Ashley 2007 
 -5.6 
van der Merwe 
2013 1.74-1.785 1.76 Ashley 2007 
 -9.1 
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2013 1.74-1.785 1.76 Ashley 2007 
 -8.1 
van der Merwe 
2013 1.74-1.785 1.76 Ashley 2007 
 -8.1 
van der Merwe 
2013 1.74-1.785 1.76 Ashley 2007 
 -11.2 
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2013 1.74-1.785 1.76 Ashley 2007 
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 0.6 
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van der Merwe 
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 1.8 
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 1.4 
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2013 1.74-1.785 1.76 Ashley 2007 
 0.9 
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2013 1.74-1.785 1.76 Ashley 2007 
 -0.8 
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2013 1.74-1.785 1.76 Ashley 2007 
 1.7 
van der Merwe 
2013 1.74-1.785 1.76 Ashley 2007 
 0.6 
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2013 1.74-1.785 1.76 Ashley 2007 
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 0.5 
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 0.7 
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van der Merwe 
2013 1.74-1.785 1.76 Ashley 2007 
 0.5 
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 0.2 
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 1.1 
van der Merwe 
2013 1.74-1.785 1.76 Ashley 2007 
 1.2 
van der Merwe 
2013 1.74-1.785 1.76 Ashley 2007 
 0.8 
van der Merwe 
2013 1.74-1.785 1.76 Ashley 2007 
 -1.5 
van der Merwe 
2013 1.74-1.785 1.76 Ashley 2007 
 -2.0 
van der Merwe 
2013 1.74-1.785 1.76 Ashley 2007 
 -1.1 
van der Merwe 
2013 1.74-1.785 1.76 Ashley 2007 
 -0.9 
van der Merwe 
2013 1.74-1.785 1.76 Ashley 2007 
 -0.5 
van der Merwe 
2013 1.74-1.785 1.76 Ashley 2007 
 -1.9 
van der Merwe 
2013 1.74-1.785 1.76 Ashley 2007 
 -2.5 
van der Merwe 
2013 1.74-1.785 1.76 Ashley 2007 
 -3.1 
van der Merwe 
2013 1.74-1.785 1.76 Ashley 2007 
 -3.1 
van der Merwe 
2013 1.74-1.785 1.76 Ashley 2007 
 -2.2 
van der Merwe 
2013 1.74-1.785 1.76 Ashley 2007 
 -0.5 
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2013 1.74-1.785 1.76 Ashley 2007 
 -2.2 
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2013 1.74-1.785 1.76 Ashley 2007 
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 -1.3 
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2013 1.74-1.785 1.76 Ashley 2007 
 0.5 
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 -9.2 
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 -2.4 
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2013 1.74-1.785 1.76 Ashley 2007 
 -5.7 
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2013 1.74-1.785 1.76 Ashley 2007 
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 -1.2 
van der Merwe 
2013 1.74-1.785 1.76 Ashley 2007 
 0.9 
van der Merwe 
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 -0.4 
van der Merwe 
2013 1.74-1.785 1.76 Ashley 2007 
 1.9 
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2013 1.74-1.785 1.76 Ashley 2007 
 1.2 
van der Merwe 
2013 1.74-1.785 1.76 Ashley 2007 
 -0.2 
van der Merwe 
2013 1.74-1.785 1.76 Ashley 2007 
 2.7 
van der Merwe 
2013 1.74-1.785 1.76 Ashley 2007 
 0.5 
van der Merwe 
2013 1.74-1.785 1.76 Ashley 2007 
 -0.4 
van der Merwe 
2013 1.74-1.785 1.76 Ashley 2007 
 -0.2 
van der Merwe 
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 1.4 
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 0.7 
van der Merwe 
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 1.0 
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 -11.0 
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 -10.3 
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van der Merwe 
2013 1.74-1.785 1.76 Ashley 2007 
 1.3 
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2013 1.74-1.785 1.76 Ashley 2007 
 0.4 
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2013 1.74-1.785 1.76 Ashley 2007 
 0.3 
van der Merwe 
2013 1.85-1.79 1.82 Ashley 2007 
 -1.1 
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 0.2 
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 0.2 
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 -1.3 
van der Merwe 
2013 1.85-1.79 1.82 Ashley 2007 
 -0.9 
van der Merwe 
2013 1.85-1.79 1.82 Ashley 2007 
 1.7 
van der Merwe 
2013 1.85-1.79 1.82 Ashley 2007 
 0.2 
van der Merwe 
2013 1.85-1.79 1.82 Ashley 2007 
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 1.3 
van der Merwe 
2013 1.85-1.79 1.82 Ashley 2007 
 1.1 
van der Merwe 
2013 1.85-1.79 1.82 Ashley 2007 
 0.1 
van der Merwe 
2013 1.85-1.79 1.82 Ashley 2007 
 -2.0 
van der Merwe 
2013 1.85-1.79 1.82 Ashley 2007 
 -3.5 
van der Merwe 
2013 1.85-1.79 1.82 Ashley 2007 
 0.7 
van der Merwe 
2013 1.85-1.79 1.82 Ashley 2007 
 -4.1 
van der Merwe 
2013 1.85-1.79 1.82 Ashley 2007 
 -1.9 
van der Merwe 
2013 1.85-1.79 1.82 Ashley 2007 
 -0.3 
van der Merwe 
2013 1.85-1.79 1.82 Ashley 2007 
 0.1 
van der Merwe 
2013 1.85-1.79 1.82 Ashley 2007 
 -0.3 
van der Merwe 
2013 1.85-1.79 1.82 Ashley 2007 
 -2.0 
van der Merwe 
2013 1.85-1.79 1.82 Ashley 2007 
 -5.0 
van der Merwe 
2013 1.85-1.79 1.82 Ashley 2007 
 -3.8 
van der Merwe 
2013 1.85-1.79 1.82 Ashley 2007 
TrKJ95-1 0.8 this study 1.95-1.77 1.86 Ferraro et al 2013 
TrKJ95-1 2.8 this study 1.95-1.77 1.86 Ferraro et al 2013 
surface -0.8 this study 2.00-1.95 1.98 Plummer et al 2009 
surface 2.8 this study 2.00-1.95 1.98 Plummer et al 2009 
surface -9.7 this study 2.00-1.95 1.98 Plummer et al 2009 
Exc 1 2.6 this study 2.00 2.00 Plummer et al 2009 
Exc 2 2.8 this study 2.00 2.00 Plummer et al 2009 
Exc 1 2.6 this study 2.00 2.00 Plummer et al 2009 
Exc 1 2.3 this study 2.00 2.00 Plummer et al 2009 
Exc 1 2.9 this study 2.00 2.00 Plummer et al 2009 
Exc 1 2.3 this study 2.00 2.00 Plummer et al 2009 
Exc 1 3.5 this study 2.00 2.00 Plummer et al 2009 
Exc 1 3.0 this study 2.00 2.00 Plummer et al 2009 
Exc 1 1.9 this study 2.00 2.00 Plummer et al 2009 
Exc 1 2.7 this study 2.00 2.00 Plummer et al 2009 
Exc 1 3.0 this study 2.00 2.00 Plummer et al 2009 
Exc 1, Ext 2 3.7 this study 2.00 2.00 Plummer et al 2009 
Exc 1, Ext 2 1.7 this study 2.00 2.00 Plummer et al 2009 
Exc 1, Ext 2 1.4 this study 2.00 2.00 Plummer et al 2009 
Exc 1 2.3 this study 2.00 2.00 Plummer et al 2009 
Exc 1 2.3 this study 2.00 2.00 Plummer et al 2009 
Exc 1 2.5 this study 2.00 2.00 Plummer et al 2009 
Exc 1 2.6 this study 2.00 2.00 Plummer et al 2009 
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Exc 1 1.6 this study 2.00 2.00 Plummer et al 2009 
Exc 2 slope 3.1 this study 2.00 2.00 Plummer et al 2009 
Exc 1, Ext 2 2.7 this study 2.00 2.00 Plummer et al 2009 
Exc 1, Ext 2 3.2 this study 2.00 2.00 Plummer et al 2009 
Exc 1, Ext 2 3.2 this study 2.00 2.00 Plummer et al 2009 
Exc 1 2.6 this study 2.00 2.00 Plummer et al 2009 
Exc 1 3.1 this study2 2.00 2.00 Plummer et al 2009 
KS-2/KS-3 contact 4.2 this study 2.00 2.00 Plummer et al 2009 
surface 1.9 this study 2.00 2.00 Plummer et al 2009 
 2.0 Plummer et al 2009 2.00 2.00 Plummer et al 2009 
 2.1 Plummer et al 2009 2.00 2.00 Plummer et al 2009 
 2.5 Plummer et al 2009 2.00 2.00 Plummer et al 2009 
 2.9 Plummer et al 2009 2.00 2.00 Plummer et al 2009 
 2.9 Plummer et al 2009 2.00 2.00 Plummer et al 2009 
 3.3 Plummer et al 2009 2.00 2.00 Plummer et al 2009 
Exc 1, Ext 2 3.8 this study 2.00 2.00 Plummer et al 2009 
Exc 1 3.3 this study 2.00 2.00 Plummer et al 2009 
Exc 1 2.0 this study 2.00 2.00 Plummer et al 2009 
Exc 1 3.9 this study 2.00 2.00 Plummer et al 2009 
Exc 1 2.7 this study 2.00 2.00 Plummer et al 2009 
Exc 1 2.2 this study 2.00 2.00 Plummer et al 2009 
Exc 1 3.0 this study 2.00 2.00 Plummer et al 2009 
Exc 1 1.3 this study 2.00 2.00 Plummer et al 2009 
Exc 1 3.9 this study 2.00 2.00 Plummer et al 2009 
Exc 1 3.4 this study 2.00 2.00 Plummer et al 2009 
Exc 6 3.1 this study 2.00 2.00 Plummer et al 2009 
Exc 1 0.7 this study 2.00 2.00 Plummer et al 2009 
Exc 1 3.7 this study 2.00 2.00 Plummer et al 2009 
Exc 1 3.0 this study 2.00 2.00 Plummer et al 2009 
Exc 1, Ext 2 3.2 this study 2.00 2.00 Plummer et al 2009 
Exc 1, Ext 2 1.9 this study 2.00 2.00 Plummer et al 2009 
Exc 1, Ext 2 3.2 this study 2.00 2.00 Plummer et al 2009 
Exc 1 2.4 this study 2.00 2.00 Plummer et al 2009 
Exc 1 2.0 this study 2.00 2.00 Plummer et al 2009 
SC Site surface 4.3 this study 2.00 2.00 Plummer et al 2009 
Exc 1 3.6 this study 2.00 2.00 Plummer et al 2009 
Exc 2 2.4 this study 2.00 2.00 Plummer et al 2009 
Exc 1 1.2 this study 2.00 2.00 Plummer et al 2009 
Exc 1 0.8 this study 2.00 2.00 Plummer et al 2009 
Exc 1 3.8 this study 2.00 2.00 Plummer et al 2009 
slope SC site to gully 4.3 this study 2.00 2.00 Plummer et al 2009 
Exc 1 1.0 this study 2.00 2.00 Plummer et al 2009 
Exc 1 3.2 this study 2.00 2.00 Plummer et al 2009 
 0.4 Plummer et al 2009 2.00 2.00 Plummer et al 2009 
 0.5 Plummer et al 2009 2.00 2.00 Plummer et al 2009 
 0.8 Plummer et al 2009 2.00 2.00 Plummer et al 2009 
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 0.9 Plummer et al 2009 2.00 2.00 Plummer et al 2009 
 0.9 Plummer et al 2009 2.00 2.00 Plummer et al 2009 
 1.0 Plummer et al 2009 2.00 2.00 Plummer et al 2009 
 1.0 Plummer et al 2009 2.00 2.00 Plummer et al 2009 
 1.3 Plummer et al 2009 2.00 2.00 Plummer et al 2009 
 1.2 Plummer et al 2009 2.00 2.00 Plummer et al 2009 
 1.2 Plummer et al 2009 2.00 2.00 Plummer et al 2009 
 1.6 Plummer et al 2009 2.00 2.00 Plummer et al 2009 
 1.9 Plummer et al 2009 2.00 2.00 Plummer et al 2009 
 2.8 Plummer et al 2009 2.00 2.00 Plummer et al 2009 
 0.6 Plummer et al 2009 2.00 2.00 Plummer et al 2009 
 1.9 Plummer et al 2009 2.00 2.00 Plummer et al 2009 
 2.0 Plummer et al 2009 2.00 2.00 Plummer et al 2009 
 2.4 Plummer et al 2009 2.00 2.00 Plummer et al 2009 
Exc 1, Ext 2 -0.4 this study 2.00 2.00 Plummer et al 2009 
Exc 1 0.1 this study 2.00 2.00 Plummer et al 2009 
Exc 1, Ext 2 1.1 this study 2.00 2.00 Plummer et al 2009 
Exc 1, Ext 2 0.0 this study 2.00 2.00 Plummer et al 2009 
surface 1.3 this study 2.00 2.00 Plummer et al 2009 
surface -2.6 this study 2.00 2.00 Plummer et al 2009 
Exc 7 4.5 this study 2.00 2.00 Plummer et al 2009 
Exc 1, Ext 2 1.1 this study 2.00 2.00 Plummer et al 2009 
Exc 1, Ext 2 2.6 this study 2.00 2.00 Plummer et al 2009 
Test Sq 1 3.4 this study 2.00 2.00 Plummer et al 2009 
Exc 1 2.8 this study 2.00 2.00 Plummer et al 2009 
Exc 1 1.5 this study 2.00 2.00 Plummer et al 2009 
Exc 1 2.1 this study 2.00 2.00 Plummer et al 2009 
Exc 1 1.7 this study 2.00 2.00 Plummer et al 2009 
Exc 1 2.9 this study 2.00 2.00 Plummer et al 2009 
Exc 1 4.0 this study 2.00 2.00 Plummer et al 2009 
Exc 1 3.1 this study 2.00 2.00 Plummer et al 2009 
Exc 1 1.4 this study 2.00 2.00 Plummer et al 2009 
Exc 1 1.4 this study 2.00 2.00 Plummer et al 2009 
Exc 1 4.8 this study 2.00 2.00 Plummer et al 2009 
Exc 1 1.4 this study 2.00 2.00 Plummer et al 2009 
Exc 1 1.6 this study 2.00 2.00 Plummer et al 2009 
Exc 1 2.2 this study 2.00 2.00 Plummer et al 2009 
Exc 1 2.8 this study 2.00 2.00 Plummer et al 2009 
Exc 1 3.2 this study 2.00 2.00 Plummer et al 2009 
Exc 1 1.7 this study 2.00 2.00 Plummer et al 2009 
Exc 1 3.4 this study 2.00 2.00 Plummer et al 2009 
 1.8 Plummer et al 2009 2.00 2.00 Plummer et al 2009 
Exc 1 2.0 this study2 2.00 2.00 Plummer et al 2009 
surface -0.9 this study 2.00 2.00 Plummer et al 2009 
Exc 1, Ext 2 -8.6 this study 2.00 2.00 Plummer et al 2009 
 0.1 Plummer et al 2009 2.00 2.00 Plummer et al 2009 
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 0.1 Plummer et al 2009 2.00 2.00 Plummer et al 2009 
 0.4 Plummer et al 2009 2.00 2.00 Plummer et al 2009 
 1.7 Plummer et al 2009 2.00 2.00 Plummer et al 2009 
 2.0 Plummer et al 2009 2.00 2.00 Plummer et al 2009 
 2.1 Plummer et al 2009 2.00 2.00 Plummer et al 2009 
 2.7 Plummer et al 2009 2.00 2.00 Plummer et al 2009 
surface 0.9 this study 2.00 2.00 Plummer et al 2009 
surface, datum 1 -2.5 this study 2.00 2.00 Plummer et al 2009 
surface northernmost 3.7 this study 2.00 2.00 Plummer et al 2009 
surface 2.9 this study 2.00 2.00 Plummer et al 2009 
Exc 1 3.8 this study 2.00 2.00 Plummer et al 2009 
 1.0 Plummer et al 2009 2.00 2.00 Plummer et al 2009 
 1.2 Plummer et al 2009 2.00 2.00 Plummer et al 2009 
 1.7 Plummer et al 2009 2.00 2.00 Plummer et al 2009 
 0.0 Plummer et al 2009 2.00 2.00 Plummer et al 2009 
 0.5 Plummer et al 2009 2.00 2.00 Plummer et al 2009 
surface 1.2 this study 2.00 2.00 Plummer et al 2009 
surface 1.4 this study 2.00 2.00 Plummer et al 2009 
Exc 1 3.9 this study 2.00 2.00 Plummer et al 2009 
Exc. 2 3.8 this study 2.00 2.00 Plummer et al 2009 
Exc 6 2.5 this study 2.00 2.00 Plummer et al 2009 
 -0.3 Plummer et al 2009 2.00 2.00 Plummer et al 2009 
 2.0 Plummer et al 2009 2.00 2.00 Plummer et al 2009 
 0.3 Plummer et al 2009 2.00 2.00 Plummer et al 2009 
 0.7 Plummer et al 2009 2.00 2.00 Plummer et al 2009 
 2.4 Plummer et al 2009 2.00 2.00 Plummer et al 2009 
 2.6 Plummer et al 2009 2.00 2.00 Plummer et al 2009 
Exc 1 -0.4 this study2 2.00 2.00 Plummer et al 2009 
Exc 1 3.0 this study2 2.00 2.00 Plummer et al 2009 
Exc 1 2.3 this study2 2.00 2.00 Plummer et al 2009 
Exc 1 -3.5 this study 2.00 2.00 Plummer et al 2009 
slope opposite Exc. 2 2.2 this study 2.00 2.00 Plummer et al 2009 
Exc 1 1.8 this study 2.00 2.00 Plummer et al 2009 
Exc 2 1.3 this study 2.00 2.00 Plummer et al 2009 
surface 0.8 this study 2.00 2.00 Plummer et al 2009 
 -0.9 Plummer et al 2009 2.00 2.00 Plummer et al 2009 
 -1.7 Plummer et al 2009 2.00 2.00 Plummer et al 2009 
 -0.9 Plummer et al 2009 2.00 2.00 Plummer et al 2009 
Exc 1, Ext 2 -11.8 this study 2.00 2.00 Plummer et al 2009 
Exc 1 1.3 this study 2.00 2.00 Plummer et al 2009 
Exc 1 1.6 this study 2.00 2.00 Plummer et al 2009 
 0.2 this study 2.00 2.00 Plummer et al 2009 
Exc 1 1.4 this study 2.00 2.00 Plummer et al 2009 
Exc 2 2.7 this study 2.00 2.00 Plummer et al 2009 
Exc 1 2.1 this study 2.00 2.00 Plummer et al 2009 
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Exc 1 3.1 this study 2.00 2.00 Plummer et al 2009 
 -2.5 Plummer et al 2009 2.00 2.00 Plummer et al 2009 
 -1.7 Plummer et al 2009 2.00 2.00 Plummer et al 2009 
Exc 1 -1.2 this study2 2.00 2.00 Plummer et al 2009 
SC site surface -8.3 this study 2.00 2.00 Plummer et al 2009 
 0.8 Plummer et al 2009 2.00 2.00 Plummer et al 2009 
 2.2 Plummer et al 2009 2.00 2.00 Plummer et al 2009 
Exc 1 1.1 this study 2.00 2.00 Plummer et al 2009 
Exc 1 1.2 this study 2.00 2.00 Plummer et al 2009 
Exc 1 3.1 this study 2.00 2.00 Plummer et al 2009 
surface 2.7 this study 2.00 2.00 Plummer et al 2009 
Exc 1 1.9 this study2 2.00 2.00 Plummer et al 2009 
Exc 1 1.6 this study 2.00 2.00 Plummer et al 2009 
Exc 1 2.2 this study 2.00 2.00 Plummer et al 2009 
Exc 1 2.5 this study 2.00 2.00 Plummer et al 2009 
Exc 1 2.6 this study 2.00 2.00 Plummer et al 2009 
Exc 1 2.1 this study 2.00 2.00 Plummer et al 2009 
Exc 1 3.2 this study 2.00 2.00 Plummer et al 2009 
Exc 2 2.2 this study 2.00 2.00 Plummer et al 2009 
Exc 1 1.9 this study 2.00 2.00 Plummer et al 2009 
Exc 1 2.5 this study 2.00 2.00 Plummer et al 2009 
Exc 1 2.2 this study 2.00 2.00 Plummer et al 2009 
Exc 1 1.6 this study 2.00 2.00 Plummer et al 2009 
Exc 1 1.3 this study 2.00 2.00 Plummer et al 2009 
Exc 1 1.8 this study 2.00 2.00 Plummer et al 2009 
surface -0.2 this study 2.00 2.00 Plummer et al 2009 
 1.6 Plummer et al 2009 2.00 2.00 Plummer et al 2009 
 1.3 Plummer et al 2009 2.00 2.00 Plummer et al 2009 
 1.6 Plummer et al 2009 2.00 2.00 Plummer et al 2009 
 1.7 Plummer et al 2009 2.00 2.00 Plummer et al 2009 
Exc 1, Ext 2 1.3 this study 2.00 2.00 Plummer et al 2009 
 0.9 Plummer et al 2009 2.00 2.00 Plummer et al 2009 
 1.2 Plummer et al 2009 2.00 2.00 Plummer et al 2009 
Exc 1 1.5 this study 2.00 2.00 Plummer et al 2009 
Exc 1 1.6 this study 2.00 2.00 Plummer et al 2009 
Exc 1, Ext 2 1.7 this study 2.00 2.00 Plummer et al 2009 
Exc 1, Ext 2 1.2 this study 2.00 2.00 Plummer et al 2009 
 1.2 Plummer et al 2009 2.00 2.00 Plummer et al 2009 
 1.3 Plummer et al 2009 2.00 2.00 Plummer et al 2009 
 1.5 Plummer et al 2009 2.00 2.00 Plummer et al 2009 
 2.0 Plummer et al 2009 2.00 2.00 Plummer et al 2009 
Exc 1 1.3 this study 2.00 2.00 Plummer et al 2009 
 -10.6 Plummer et al 2009 2.00 2.00 Plummer et al 2009 
 -7.6 Plummer et al 2009 2.00 2.00 Plummer et al 2009 
KS-2/KS-3 surface -10.2 this study 2.00 2.00 Plummer et al 2009 
 1.6 Plummer et al 2009 2.00 2.00 Plummer et al 2009 
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 2.0 Plummer et al 2009 2.00 2.00 Plummer et al 2009 
 0.9 this study 2.00 2.00 Plummer et al 2009 
South slope 3.2 this study 2.72-2.33 2.53 this study 
South Slope 3.0 this study 2.72-2.33 2.53 this study 
S Hill, W slope 3.0 this study 2.72-2.33 2.53 this study 
 3.0 this study 2.72-2.33 2.53 this study 
 3.1 this study 2.72-2.33 2.53 this study 
North Slope 2.1 this study 2.72-2.33 2.53 this study 
DTS 2.9 this study 2.72-2.33 2.53 this study 
S Hill, S slope 0.5 this study 2.72-2.33 2.53 this study 
South Slope 1.4 this study 2.72-2.33 2.53 this study 
S Hill, S slope 1.0 this study 2.72-2.33 2.53 this study 
South Slope 2.1 this study 2.72-2.33 2.53 this study 
South Slope -2.3 this study 2.72-2.33 2.53 this study 
Kaimbo 2.1 this study 2.72-2.33 2.53 this study 
Kaimbo 3.4 this study 2.72-2.33 2.53 this study 
Kaimbo -0.6 this study 2.72-2.33 2.53 this study 
 3.9 this study 2.72-2.33 2.53 this study 
 -0.9 this study 2.72-2.33 2.53 this study 
Southermost Slope 1.0 this study 2.72-2.33 2.53 this study 
Southermost Slope 2.4 this study 2.72-2.33 2.53 this study 
South Slope 2.9 this study 2.72-2.33 2.53 this study 
South Slope -10.5 this study 2.72-2.33 2.53 this study 
S Hill, Hippo col area -2.9 this study 2.72-2.33 2.53 this study 
S Hill, W slope 0.8 this study 2.72-2.33 2.53 this study 
S Hill, W slope 0.6 this study 2.72-2.33 2.53 this study 
  -1.3 this study 2.72-2.33 2.53 this study 
S Hill, W slope 1.5 this study 2.72-2.33 2.53 this study 
 0.6 this study 2.72-2.33 2.53 this study 
S Hill, Hippo col area -3.0 this study 2.72-2.33 2.53 this study 
S Hill, S slope -11.4 this study 2.72-2.33 2.53 this study 
S Hill, S slope 1.6 this study 2.72-2.33 2.53 this study 
S Hill Slope surface -3.4 this study 2.72-2.33 2.53 this study 
gully at base of S hill  -0.3 this study 2.72-2.33 2.53 this study 
Southermost Slope 1.4 this study 2.72-2.33 2.53 this study 
Southermost Slope 1.6 this study 2.72-2.33 2.53 this study 
Southermost Slope 1.7 this study 2.72-2.33 2.53 this study 
S Hill, W slope 1.3 this study 2.72-2.33 2.53 this study 
W of S Hill 0.9 this study 2.72-2.33 2.53 this study 
S Hill, W slope -1.2 this study 2.72-2.33 2.53 this study 
South Slope 2.6 this study 2.72-2.33 2.53 this study 
S Hill, W slope 1.0 this study 2.72-2.33 2.53 this study 
 3.5 this study 2.72-2.33 2.53 this study 
 -0.2 this study 2.72-2.33 2.53 this study 
base conglom -0.1 this study 2.72-2.33 2.53 this study 
Southermost Slope 1.6 this study 2.72-2.33 2.53 this study 
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South Slope -1.2 this study 2.72-2.33 2.53 this study 
South Slope -2.6 this study 2.72-2.33 2.53 this study 
 0.3 this study 2.72-2.33 2.53 this study 
 -0.4 this study 2.72-2.33 2.53 this study 
South Slope -12.2 this study 2.72-2.33 2.53 this study 
DTS -10.8 this study 2.72-2.33 2.53 this study 
 -2.7 this study 2.72-2.33 2.53 this study 
Southern Hill -0.3 this study 2.72-2.33 2.53 this study 
 1.2 this study 2.72-2.33 2.53 this study 
S side of S hill -0.7 this study 2.72-2.33 2.53 this study 
Kaimbo -0.1 this study 2.72-2.33 2.53 this study 
 bown clay, S hill -6.1 this study 2.72-2.33 2.53 this study 
Kaimbo -1.3 this study 2.72-2.33 2.53 this study 
 -1.4 this study 2.72-2.33 2.53 this study 
S Hill, S slope 1.8 this study 2.72-2.33 2.53 this study 
 1.4 this study 2.72-2.33 2.53 this study 
 1.7 this study 2.72-2.33 2.53 this study 
Southermost Slope 2.4 this study 2.72-2.33 2.53 this study 
Southermost Slope 0.8 this study 2.72-2.33 2.53 this study 
N hill on brown clay  0.1 this study 2.72-2.33 2.53 this study 
M hill on brown clay  1.0 this study 2.72-2.33 2.53 this study 
North Slope -0.3 this study 2.72-2.33 2.53 this study 
gully -13.5 this study 2.72-2.33 2.53 this study 
gully at base of S hill 
slope -3.0 this study 2.72-2.33 2.53 this study 
S Hill, W slope 1.1 this study 2.72-2.33 2.53 this study 
 -3.1 this study 2.72-2.33 2.53 this study 
South Slope -0.9 this study 2.72-2.33 2.53 this study 
 0.0 this study 2.72-2.33 2.53 this study 
Kakesio 3 -2.0 Kingston 2011 2.66 2.66 Deino 2011 
Laetoli Loc. 18 1.1 Kingston 2011 2.66 2.66 Deino 2011 
Laetoli Loc. 18 0.6 Kingston 2011 2.66 2.66 Deino 2011 
Laetoli Loc. 7E 1.8 Kingston 2011 2.66 2.66 Deino 2011 
Laetoli Loc. 7E 1.0 Kingston 2011 2.66 2.66 Deino 2011 
Laetoli Loc. 14 -0.3 Kingston 2011 2.66 2.66 Deino 2011 
Laetoli Loc. 22E -0.2 Kingston 2011 2.66 2.66 Deino 2011 
Laetoli Loc. 22E 1.1 Kingston 2011 2.66 2.66 Deino 2011 
Silal Artum -4.4 Kingston 2011 2.66 2.66 Deino 2011 
Laetoli Loc. 18 -7.8 Kingston 2011 2.66 2.66 Deino 2011 
Laetoli Loc. 22S -3.7 Kingston 2011 2.66 2.66 Deino 2011 
Laetoli Loc. 22S -0.8 Kingston 2011 2.66 2.66 Deino 2011 
Laetoli Loc. 9 -0.3 Kingston 2011 2.66 2.66 Deino 2011 
Silal Artum 0.0 Kingston 2011 2.66 2.66 Deino 2011 
Laetoli Loc. 7E -1.3 Kingston 2011 2.66 2.66 Deino 2011 
Silal Artum -2.0 Kingston 2011 2.66 2.66 Deino 2011 
Laetoli Loc. 15 -9.6 Kingston 2011 2.66 2.66 Deino 2011 
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Laetoli Loc. 18 0.1 Kingston 2011 2.66 2.66 Deino 2011 
Laetoli Loc. 18 -2.1 Kingston 2011 2.66 2.66 Deino 2011 
Laetoli Loc. 11 -4.0 Kingston 2011 2.66 2.66 Deino 2011 
Laetoli Loc. 18 0.4 Kingston 2011 2.66 2.66 Deino 2011 
Laetoli Loc. 7E -0.7 Kingston 2011 2.66 2.66 Deino 2011 
Laetoli Loc. 18 0.3 Kingston 2011 2.66 2.66 Deino 2011 
Laetoli Loc. 15 0.5 Kingston 2011 2.66 2.66 Deino 2011 
Laetoli Loc. 7E -1.2 Kingston 2011 2.66 2.66 Deino 2011 
Laetoli Loc. 22S -0.3 Kingston 2011 2.66 2.66 Deino 2011 
Laetoli Loc. 15 -1.3 Kingston 2011 2.66 2.66 Deino 2011 
Silal Artum -0.1 Kingston 2011 2.66 2.66 Deino 2011 
Silal Artum 0.6 Kingston 2011 2.66 2.66 Deino 2011 
Laetoli Loc. 18 0.3 Kingston 2011 2.66 2.66 Deino 2011 
Laetoli Loc. 18 0.5 Kingston 2011 2.66 2.66 Deino 2011 
Laetoli Loc. 15 1.9 Kingston 2011 2.66 2.66 Deino 2011 
Laetoli Loc. 15 1.0 Kingston 2011 2.66 2.66 Deino 2011 
Laetoli Loc. 7E -2.0 Kingston 2011 2.66 2.66 Deino 2011 
Laetoli Loc. 1 2.7 Kingston 2011 2.66 2.66 Deino 2011 
Laetoli Loc. 7E -1.9 Kingston 2011 2.66 2.66 Deino 2011 
Laetoli Loc.18 -4.4 Kingston 2011 2.66 2.66 Deino 2011 
Laetoli Loc. 7E 0.2 Kingston 2011 2.66 2.66 Deino 2011 
Laetoli Loc. 18 -3.1 Kingston 2011 2.66 2.66 Deino 2011 
Laetoli Lo. 7E -1.4 Kingston 2011 2.66 2.66 Deino 2011 
Laetoli Loc. 14 -1.2 Kingston 2011 2.66 2.66 Deino 2011 
Laetoli Loc. 22S -4.8 Kingston 2011 2.66 2.66 Deino 2011 
Fish cliff base 0.9 this study 3.04-2.581 2.81 Frost et al 2003 
slope facing Fish Cliff -3.4 this study 3.04-2.581 2.81 Frost et al 2003 
appearance of Fm 0.5 this study 3.04-2.581 2.81 Frost et al 2003 
Fish cliffs -0.4 this study 3.04-2.581 2.81 Frost et al 2003 
Fish cliffs -1.3 this study 3.04-2.581 2.81 Frost et al 2003 
Fish cliffs 2.2 this study 3.04-2.581 2.81 Frost et al 2003 
Old Leakey trench 1.6 this study 3.04-2.581 2.81 Frost et al 2003 
downslope of L2 1.3 this study 3.04-2.581 2.81 Frost et al 2003 
formation surface -0.4 this study 3.04-2.581 2.81 Frost et al 2003 
 1.0 this study 3.04-2.581 2.81 Frost et al 2003 
appearance of Fm -0.8 this study 3.04-2.581 2.81 Frost et al 2003 
appearance of Fm -0.5 this study 3.04-2.581 2.81 Frost et al 2003 
 -6.6 Bedaso et al. 2013 3.42-3.24 3.33 Wynn et al. 2008 
 -2.2 Bedaso et al. 2013 3.42-3.24 3.33 Wynn et al. 2008 
 -5.4 Bedaso et al. 2013 3.42-3.24 3.33 Wynn et al. 2008 
 -2.0 Bedaso et al. 2013 3.42-3.24 3.33 Wynn et al. 2008 
 -1.4 Bedaso et al. 2013 3.42-3.24 3.33 Wynn et al. 2008 
 -3.4 Bedaso et al. 2013 3.42-3.24 3.33 Wynn et al. 2008 
 -3.4 Bedaso et al. 2013 3.42-3.24 3.33 Wynn et al. 2008 
 -2.0 Bedaso et al. 2013 3.42-3.24 3.33 Wynn et al. 2008 
 0.7 Bedaso et al. 2013 3.42-3.24 3.33 Wynn et al. 2008 
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 0.1 Bedaso et al. 2013 3.42-3.24 3.33 Wynn et al. 2008 
 1.8 Bedaso et al. 2013 3.42-3.24 3.33 Wynn et al. 2008 
 1.2 Bedaso et al. 2013 3.42-3.24 3.33 Wynn et al. 2008 
 -5.2 Bedaso et al. 2013 3.42-3.24 3.33 Wynn et al. 2008 
 -0.2 Bedaso et al. 2013 3.42-3.24 3.33 Wynn et al. 2008 
 1.8 Bedaso et al. 2013 3.42-3.24 3.33 Wynn et al. 2008 
 -2.8 Bedaso et al. 2013 3.42-3.24 3.33 Wynn et al. 2008 
 -0.9 Bedaso et al. 2013 3.42-3.24 3.33 Wynn et al. 2008 
 2.1 Bedaso et al. 2013 3.42-3.24 3.33 Wynn et al. 2008 
 0.0 Bedaso et al. 2013 3.42-3.24 3.33 Wynn et al. 2008 
 -0.5 Bedaso et al. 2013 3.42-3.24 3.33 Wynn et al. 2008 
 1.4 Bedaso et al. 2013 3.42-3.24 3.33 Wynn et al. 2008 
 0.2 Bedaso et al. 2013 3.42-3.24 3.33 Wynn et al. 2008 
 3.1 Bedaso et al. 2013 3.42-3.24 3.33 Wynn et al. 2008 
 1.0 Bedaso et al. 2013 3.42-3.24 3.33 Wynn et al. 2008 
 -1.2 Bedaso et al. 2013 3.42-3.24 3.33 Wynn et al. 2008 
 1.4 Bedaso et al. 2013 3.42-3.24 3.33 Wynn et al. 2008 
 -8.4 Bedaso et al. 2013 3.42-3.24 3.33 Wynn et al. 2008 
 -5.1 Bedaso et al. 2013 3.42-3.24 3.33 Wynn et al. 2008 
 -0.7 Bedaso et al. 2013 3.42-3.24 3.33 Wynn et al. 2008 
 -1.4 Bedaso et al. 2013 3.42-3.24 3.33 Wynn et al. 2008 
 -1.1 Bedaso et al. 2013 3.42-3.24 3.33 Wynn et al. 2008 
 -5.4 Bedaso et al. 2013 3.42-3.24 3.33 Wynn et al. 2008 
 -5.4 Bedaso et al. 2013 3.42-3.24 3.33 Wynn et al. 2008 
 -2.9 Bedaso et al. 2013 3.42-3.24 3.33 Wynn et al. 2008 
 -5.7 Bedaso et al. 2013 3.42-3.24 3.33 Wynn et al. 2008 
 -2.7 Bedaso et al. 2013 3.42-3.24 3.33 Wynn et al. 2008 
 -2.8 Bedaso et al. 2013 3.42-3.24 3.33 Wynn et al. 2008 
 -5.4 Bedaso et al. 2013 3.42-3.24 3.33 Wynn et al. 2008 
 -2.6 Bedaso et al. 2013 3.42-3.24 3.33 Wynn et al. 2008 
 -0.3 Bedaso et al. 2013 3.42-3.24 3.33 Wynn et al. 2008 
 -4.1 Bedaso et al. 2013 3.42-3.24 3.33 Wynn et al. 2008 
 -2.8 Bedaso et al. 2013 3.42-3.24 3.33 Wynn et al. 2008 
 -4.0 Bedaso et al. 2013 3.42-3.24 3.33 Wynn et al. 2008 
 -0.3 Bedaso et al. 2013 3.42-3.24 3.33 Wynn et al. 2008 
 -5.0 Bedaso et al. 2013 3.42-3.24 3.33 Wynn et al. 2008 
 -2.3 Bedaso et al. 2013 3.42-3.24 3.33 Wynn et al. 2008 
 -11.3 Wynn et al. 2013 3.42-3.24 3.33 Wynn et al. 2008 
 -10.4 Wynn et al. 2013 3.42-3.24 3.33 Wynn et al. 2008 
 -10.9 Wynn et al. 2013 3.42-3.24 3.33 Wynn et al. 2008 
 -10.8 Bedaso et al. 2013 3.42-3.24 3.33 Wynn et al. 2008 
 -9.5 Bedaso et al. 2013 3.42-3.24 3.33 Wynn et al. 2008 
 -13.2 Bedaso et al. 2013 3.42-3.24 3.33 Wynn et al. 2008 
 -9.1 Bedaso et al. 2013 3.42-3.24 3.33 Wynn et al. 2008 
 -13.5 Bedaso et al. 2013 3.42-3.24 3.33 Wynn et al. 2008 
 -14.3 Bedaso et al. 2013 3.42-3.24 3.33 Wynn et al. 2008 
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 -12.8 Bedaso et al. 2013 3.42-3.24 3.33 Wynn et al. 2008 
 -14.2 Bedaso et al. 2013 3.42-3.24 3.33 Wynn et al. 2008 
 -10.3 Bedaso et al. 2013 3.42-3.24 3.33 Wynn et al. 2008 
 -5.2 Bedaso et al. 2013 3.42-3.24 3.33 Wynn et al. 2008 
 -0.8 Bedaso et al. 2013 3.42-3.24 3.33 Wynn et al. 2008 
 -2.1 Bedaso et al. 2013 3.42-3.24 3.33 Wynn et al. 2008 
 -6.1 Bedaso et al. 2013 3.42-3.24 3.33 Wynn et al. 2008 
 -7.8 Bedaso et al. 2013 3.42-3.24 3.33 Wynn et al. 2008 
 -7.9 Bedaso et al. 2013 3.42-3.24 3.33 Wynn et al. 2008 
 -0.1 Bedaso et al. 2013 3.42-3.24 3.33 Wynn et al. 2008 
 -2.6 Bedaso et al. 2013 3.42-3.24 3.33 Wynn et al. 2008 
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Laetoli Loc. 5 -3.1 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 5 -0.6 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 5 -2.0 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 22E -7.7 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 6 -0.5 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 9 -1.8 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 11 -4.2 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 17 -2.4 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 12/12E -12.9 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 16 -10.9 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 21 -10.7 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 21 -9.4 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 10E -10.0 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 9 -10.3 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 7 -9.2 Kingston 2011 3.81-3.63 3.72 Deino 2011 
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Laetoli Loc. 11 -10.0 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 22 -8.6 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 9 -9.6 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 21 -11.8 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 12 -11.7 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 10E -8.1 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 9 -2.8 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 6 -1.3 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 9 -5.0 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 8 -7.3 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 8 -4.7 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 10E -8.8 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 10E -4.1 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 6 -5.2 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 7 -4.9 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 2 -6.2 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 2 -4.8 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 6 -10.6 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 10E -8.4 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 10E -7.4 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 7 -4.7 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 6 -8.2 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 21 -6.9 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 21 -11.0 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 21 -11.0 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 3 -5.3 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 11 -7.9 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 11 -7.8 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 10E -6.0 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 3 -5.2 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 11 -4.1 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 7 1.0 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 10E 0.5 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 10E -3.8 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 10E -3.3 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 7 0.1 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 21 -3.0 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 8 -2.2 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 9 -0.6 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 10E 1.8 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 22 1.4 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 9 -0.3 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 5N -0.4 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 3 -1.3 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 5 -1.2 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 6 -11.5 Kingston 2011 3.81-3.63 3.72 Deino 2011 
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Laetoli Loc. 11 -3.4 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 11 -2.6 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 6 -4.7 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 8 -5.0 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 8 -2.0 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 10E -5.6 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 2 -4.7 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 10E 0.9 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 2 -3.8 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 21 -4.2 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 10E -1.4 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 22 -4.3 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 10E -5.9 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 3 -3.5 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 20 -2.5 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 13 -6.3 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 13 -3.3 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 16 -0.5 Kingston 2011 3.81-3.63 3.72 Deino 2011 
Laetoli Loc. 9S -0.8 Kingston 2011 3.85-3.81 3.83 Deino 2011 
Laetoli Loc. 9S -1.7 Kingston 2011 3.85-3.81 3.83 Deino 2011 
Laetoli Loc. 10W -9.2 Kingston 2011 3.85-3.81 3.83 Deino 2011 
Laetoli Loc. 10W -0.1 Kingston 2011 3.85-3.81 3.83 Deino 2011 
Laetoli Loc. 10W -2.2 Kingston 2011 3.85-3.81 3.83 Deino 2011 
Laetoli Loc. 10W -2.6 Kingston 2011 3.85-3.81 3.83 Deino 2011 
Laetoli Loc. 10W -0.4 Kingston 2011 3.85-3.81 3.83 Deino 2011 
Laetoli Loc. 10 -1.1 Kingston 2011 3.85-3.81 3.83 Deino 2011 
Laetoli Loc. 10 1.9 Kingston 2011 3.85-3.81 3.83 Deino 2011 
Laetoli Loc. 10 -3.0 Kingston 2011 3.85-3.81 3.83 Deino 2011 
Laetoli Loc. 9S -2.9 Kingston 2011 3.85-3.81 3.83 Deino 2011 
Laetoli Loc. 10W -2.9 Kingston 2011 3.85-3.81 3.83 Deino 2011 
Laetoli Loc. 10W -1.9 Kingston 2011 3.85-3.81 3.83 Deino 2011 
Laetoli Loc. 9S -8.0 Kingston 2011 3.85-3.81 3.83 Deino 2011 
Laetoli Loc. 9S -5.3 Kingston 2011 3.85-3.81 3.83 Deino 2011 
Laetoli Loc. 10 -7.3 Kingston 2011 3.85-3.81 3.83 Deino 2011 
Laetoli Loc. 10W -9.2 Kingston 2011 3.85-3.81 3.83 Deino 2011 
Laetoli Loc. 10 -6.4 Kingston 2011 3.85-3.81 3.83 Deino 2011 
Laetoli Loc. 9S -10.6 Kingston 2011 3.85-3.81 3.83 Deino 2011 
Laetoli Loc. 9S -9.2 Kingston 2011 3.85-3.81 3.83 Deino 2011 
Laetoli Loc. 10W -8.8 Kingston 2011 3.85-3.81 3.83 Deino 2011 
Laetoli Loc. 9S -9.6 Kingston 2011 3.85-3.81 3.83 Deino 2011 
Laetoli Loc. 10W -11.6 Kingston 2011 3.85-3.81 3.83 Deino 2011 
Laetoli Loc. 10W -9.2 Kingston 2011 3.85-3.81 3.83 Deino 2011 
Laetoli Loc. 10W -10.3 Kingston 2011 3.85-3.81 3.83 Deino 2011 
Laetoli Loc. 10W -9.2 Kingston 2011 3.85-3.81 3.83 Deino 2011 
Laetoli Loc. 9S -8.6 Kingston 2011 3.85-3.81 3.83 Deino 2011 
Laetoli Loc. 10W -10.2 Kingston 2011 3.85-3.79 3.83 Deino 2011 
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Laetoli Loc. 10 -10.2 Kingston 2011 3.85-3.81 3.83 Deino 2011 
Laetoli Loc. 10W -7.0 Kingston 2011 3.85-3.81 3.83 Deino 2011 
Laetoli Loc. 10W -2.3 Kingston 2011 3.85-3.81 3.83 Deino 2011 
Laetoli Loc. 10W -8.6 Kingston 2011 3.85-3.81 3.83 Deino 2011 
Laetoli Loc. 10W -7.7 Kingston 2011 3.85-3.81 3.83 Deino 2011 
Laetoli Loc. 10 1.8 Kingston 2011 3.85-3.81 3.83 Deino 2011 
Laetoli Loc. 10 -6.4 Kingston 2011 3.85-3.81 3.83 Deino 2011 
Laetoli Loc. 10W -10.6 Kingston 2011 3.85-3.81 3.83 Deino 2011 
Laetoli Loc. 10 -9.6 Kingston 2011 3.85-3.81 3.83 Deino 2011 
Laetoli Loc. 9S -0.5 Kingston 2011 3.85-3.81 3.83 Deino 2011 
Laetoli Loc. 9S -5.4 Kingston 2011 3.85-3.81 3.83 Deino 2011 
Laetoli Loc. 10 -1.0 Kingston 2011 3.85-3.81 3.83 Deino 2011 
Laetoli Loc. 10 -2.1 Kingston 2011 3.85-3.81 3.83 Deino 2011 
Laetoli Loc. 10 -0.3 Kingston 2011 3.85-3.81 3.83 Deino 2011 
Laetoli Loc. 10 -2.5 Kingston 2011 3.85-3.81 3.83 Deino 2011 
Laetoli Loc. 10 -1.3 Kingston 2011 3.85-3.81 3.83 Deino 2011 
Laetoli Loc. 10W 2.0 Kingston 2011 3.85-3.81 3.83 Deino 2011 
Laetoli Loc. 10 -3.0 Kingston 2011 3.85-3.81 3.83 Deino 2011 
Laetoli Loc. 9S -8.3 Kingston 2011 3.85-3.81 3.83 Deino 2011 
Laetoli Loc. 10W -4.5 Kingston 2011 3.85-3.81 3.83 Deino 2011 
Laetoli Loc. 10 -7.9 Kingston 2011 3.85-3.81 3.83 Deino 2011 
Laetoli Loc. 10W -8.2 Kingston 2011 3.85-3.81 3.83 Deino 2011 
Laetoli Loc. 9S -5.9 Kingston 2011 3.85-3.81 3.83 Deino 2011 
Laetoli Loc. 9S -11.3 Kingston 2011 3.85-3.81 3.83 Deino 2011 
Laetoli Loc. 9S -5.9 Kingston 2011 3.85-3.81 3.83 Deino 2011 
Laetoli Loc. 10 -4.2 Kingston 2011 3.85-3.81 3.83 Deino 2011 
Laetoli Loc. 9S -5.9 Kingston 2011 3.85-3.81 3.83 Deino 2011 
Laetoli Loc. 10 -3.7 Kingston 2011 3.85-3.81 3.83 Deino 2011 
Laetoli Loc. 10 -3.7 Kingston 2011 3.85-3.81 3.83 Deino 2011 
Laetoli Loc. 10 -5.6 Kingston 2011 3.85-3.81 3.83 Deino 2011 
Laetoli Loc. 10W -4.4 Kingston 2011 3.85-3.81 3.83 Deino 2011 
Laetoli Loc. 10W 1.2 Kingston 2011 3.85-3.81 3.83 Deino 2011 
Laetoli Loc. 10 -0.3 Kingston 2011 3.85-3.81 3.83 Deino 2011 
Laetoli Loc. 10 -2.7 Kingston 2011 3.85-3.81 3.83 Deino 2011 
Laetoli Loc. 10W -11.7 Kingston 2011 3.85-3.81 3.83 Deino 2011 
Laetoli Loc. 10W -4.4 Kingston 2011 3.85-3.81 3.83 Deino 2011 
Laetoli Loc. 10W -1.2 Kingston 2011 3.85-3.81 3.83 Deino 2011 
Laetoli Loc. 10 -3.8 Kingston 2011 3.85-3.81 3.83 Deino 2011 
Kakesio 6 -2.4 Kingston 2011 4.36-3.85 4.11 Deino 2011 
Esere 3.7 Kingston 2011 4.36-3.85 4.11 Deino 2011 
Kakesio 1-6 -0.4 Kingston 2011 4.36-3.85 4.11 Deino 2011 
Kakeiso 8 -6.2 Kingston 2011 4.36-3.85 4.11 Deino 2011 
Kakeiso 8 -1.5 Kingston 2011 4.36-3.85 4.11 Deino 2011 
Emboremony 1 -7.0 Kingston 2011 4.36-3.85 4.11 Deino 2011 
Kakeiso 6 -3.5 Kingston 2011 4.36-3.85 4.11 Deino 2011 
Kakeiso1-6 -10.6 Kingston 2011 4.36-3.85 4.11 Deino 2011 
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Kakesio 8 -0.9 Kingston 2011 4.36-3.85 4.11 Deino 2011 
Kakesio 4 -3.3 Kingston 2011 4.36-3.85 4.11 Deino 2011 
Kakesio 1-6 0.0 Kingston 2011 4.36-3.85 4.11 Deino 2011 
Kakesio South -1.6 Kingston 2011 4.36-3.85 4.11 Deino 2011 
Kakesio 1-6 -1.1 Kingston 2011 4.36-3.85 4.11 Deino 2011 
Kakesio 1-6 -1.9 Kingston 2011 4.36-3.85 4.11 Deino 2011 
Kakesio 1-6 1.9 Kingston 2011 4.36-3.85 4.11 Deino 2011 
Kakesio 6 -2.5 Kingston 2011 4.36-3.85 4.11 Deino 2011 
Kakesio 8 -10.5 Kingston 2011 4.36-3.85 4.11 Deino 2011 
Noiti 3 -1.7 Kingston 2011 4.36-3.85 4.11 Deino 2011 
Gona GWM3 -4.2 Levin et al. 2008 4.4-4.3 4.35 Quade et al. 2008 
Gona GWM30 -1.7 Levin et al. 2008 4.4-4.3 4.35 Quade et al. 2008 
Gona GWM31 -6.3 Levin et al. 2008 4.4-4.3 4.35 Quade et al. 2008 
Gona GWM31 -6.4 Levin et al. 2008 4.4-4.3 4.35 Quade et al. 2008 
Gona GWM3 -0.2 Levin et al. 2008 4.4-4.3 4.35 Quade et al. 2008 
Gona GWM3 -6.1 Levin et al. 2008 4.4-4.3 4.35 Quade et al. 2008 
Gona GWM3 -3.1 Levin et al. 2008 4.4-4.3 4.35 Quade et al. 2008 
Gona GWM3 -0.4 Levin et al. 2008 4.4-4.3 4.35 Quade et al. 2008 
Gona GWM3 -1.2 Levin et al. 2008 4.4-4.3 4.35 Quade et al. 2008 
Gona GWM3 -6.6 Levin et al. 2008 4.4-4.3 4.35 Quade et al. 2008 
Gona GWM3 -4.2 Levin et al. 2008 4.4-4.3 4.35 Quade et al. 2008 
Gona GWM3 -1.5 Levin et al. 2008 4.4-4.3 4.35 Quade et al. 2008 
Gona GWM3 -8.6 Levin et al. 2008 4.4-4.3 4.35 Quade et al. 2008 
Gona GWM3 -8.6 Levin et al. 2008 4.4-4.3 4.35 Quade et al. 2008 
Gona GWM31 -9.3 Levin et al. 2008 4.4-4.3 4.35 Quade et al. 2008 
Gona GWM3 0.3 Levin et al. 2008 4.4-4.3 4.35 Quade et al. 2008 
Gona GWM31 1.2 Levin et al. 2008 4.4-4.3 4.35 Quade et al. 2008 
Gona GWM31 -7.1 Levin et al. 2008 4.4-4.3 4.35 Quade et al. 2008 
Gona GWM3 -1.0 Levin et al. 2008 4.4-4.3 4.35 Quade et al. 2008 
Gona GWM3 -0.4 Levin et al. 2008 4.4-4.3 4.35 Quade et al. 2008 
Gona GWM3 -3.0 Levin et al. 2008 4.4-4.3 4.35 Quade et al. 2008 
Gona GWM3 0.1 Levin et al. 2008 4.4-4.3 4.35 Quade et al. 2008 
Gona GWM3 -1.4 Levin et al. 2008 4.4-4.3 4.35 Quade et al. 2008 
ARA-VP-7 1.1 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 -2.1 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 -4.0 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 -8.2 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 -1.1 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 -1.2 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 -1.1 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 -2.8 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
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ARA-VP-7 -10.4 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 0.2 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 2.4 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 1.9 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 3.3 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 1.8 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 2.3 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 -3.7 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 -5.0 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 -0.3 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 1.3 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 0.0 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-1 -11.8 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-1 -13.1 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-6 -12.4 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-6 -11.0 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-1  -2.4 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-1  -5.4 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-6 -3.3 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-6 0.4 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-6 0.5 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-6 -3.5 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
KUS-VP-2 -7.5 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
SAG-VP-7 -1.6 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
SAG-VP-7 0.3 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 0.4 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 0.0 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 -7.0 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
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ARA-VP-7 -10.6 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 -10.3 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 -10.4 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 -1.5 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 -2.7 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 0.9 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 -0.1 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 0.3 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 0.8 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 -2.7 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 -2.0 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 -2.0 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 0.7 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 -3.1 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 -2.5 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 -2.3 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 0.1 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 -1.4 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 -3.2 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 -9.1 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 -7.9 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 -5.2 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 -9.9 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 -4.7 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 -4.8 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-1 -10.5 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-1 -12.3 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-1 -12.4 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
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ARA-VP-1 -12.4 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-1 -8.1 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-1 -9.2 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-1 -9.9 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-1 -8.8 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-1 -10.0 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-1 -8.9 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-1 -9.6 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-1 -9.9 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-1 -10.8 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-1 -10.3 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-6 -11.3 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-6 -10.9 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-1 -10.2 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-1 -8.7 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-1 -0.8 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-1 1.1 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-1 0.1 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-1 4.4 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-1 -0.4 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-1 1.1 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-1 1.4 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-17 -0.4 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-6 1.4 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 1.6 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-1 -3.7 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-1 -8.5 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-1 -2.6 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
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ARA-VP-1 -1.0 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-2 -5.7 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 -5.5 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 -5.3 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 -5.3 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 0.7 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 -0.4 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 0.8 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 -1.0 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 0.1 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 0.5 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 0.9 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 2.3 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 1.1 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 0.2 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 1.2 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 -0.4 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 1.4 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 0.4 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 -2.8 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 -0.5 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 -12.6 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 -12.6 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 -11.9 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
ARA-VP-7 -12.9 White et al. 2009 4.419-4.416 4.42 
WoldeGabriel et al. 
2009 
GWM28 -11.4 Levin et al. 2008 5.2-4.6 4.90 Quade et al. 2008 
GWM28 -3.3 Levin et al. 2008 5.2-4.6 4.90 Quade et al. 2008 
GWM28 -0.3 Levin et al. 2008 5.2-4.6 4.90 Quade et al. 2008 
GWM28 -4.5 Levin et al. 2008 5.2-4.6 4.90 Quade et al. 2008 
GWM28 -4.6 Levin et al. 2008 5.2-4.6 4.90 Quade et al. 2008 
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GWM28 -2.3 Levin et al. 2008 5.2-4.6 4.90 Quade et al. 2008 
GWM28 -3.9 Levin et al. 2008 5.2-4.6 4.90 Quade et al. 2008 
GWM28 -5.4 Levin et al. 2008 5.2-4.6 4.90 Quade et al. 2008 
GWM9 -11.1 Levin et al. 2008 5.2-4.6 4.90 Quade et al. 2008 
GWM2 -5.1 Levin et al. 2008 5.2-4.6 4.90 Quade et al. 2008 
GWM2 -3.4 Levin et al. 2008 5.2-4.6 4.90 Quade et al. 2008 
GWM2 0.3 Levin et al. 2008 5.2-4.6 4.90 Quade et al. 2008 
GWM5 -0.5 Levin et al. 2008 5.2-4.6 4.90 Quade et al. 2008 
GWM5 -0.5 Levin et al. 2008 5.2-4.6 4.90 Quade et al. 2008 
GWM9 -0.4 Levin et al. 2008 5.2-4.6 4.90 Quade et al. 2008 
GWM9 -2.2 Levin et al. 2008 5.2-4.6 4.90 Quade et al. 2008 
GWM28 -0.9 Levin et al. 2008 5.2-4.6 4.90 Quade et al. 2008 
GWM28 -0.6 Levin et al. 2008 5.2-4.6 4.90 Quade et al. 2008 
GWM28 -0.2 Levin et al. 2008 5.2-4.6 4.90 Quade et al. 2008 
GWM28 -0.7 Levin et al. 2008 5.2-4.6 4.90 Quade et al. 2008 
GWM28 -1.9 Levin et al. 2008 5.2-4.6 4.90 Quade et al. 2008 
GWM28 -2.1 Levin et al. 2008 5.2-4.6 4.90 Quade et al. 2008 
GWM28 -0.4 Levin et al. 2008 5.2-4.6 4.90 Quade et al. 2008 
GWM28 -0.9 Levin et al. 2008 5.2-4.6 4.90 Quade et al. 2008 
GWM28 -0.8 Levin et al. 2008 5.2-4.6 4.90 Quade et al. 2008 
GWM28 -0.6 Levin et al. 2008 5.2-4.6 4.90 Quade et al. 2008 
GWM28 -0.8 Levin et al. 2008 5.2-4.6 4.90 Quade et al. 2008 
GWM28 -0.7 Levin et al. 2008 5.2-4.6 4.90 Quade et al. 2008 
GWM28 -0.6 Levin et al. 2008 5.2-4.6 4.90 Quade et al. 2008 
GWM28 -0.3 Levin et al. 2008 5.2-4.6 4.90 Quade et al. 2008 
GWM28 -3 Levin et al. 2008 5.2-4.6 4.90 Quade et al. 2008 
GWM28 -4.3 Levin et al. 2008 5.2-4.6 4.90 Quade et al. 2008 
GWM28 -2 Levin et al. 2008 5.2-4.6 4.90 Quade et al. 2008 
GWM28 -4.4 Levin et al. 2008 5.2-4.6 4.90 Quade et al. 2008 
GWM28 -3.5 Levin et al. 2008 5.2-4.6 4.90 Quade et al. 2008 
GWM27 -1.4 Levin et al. 2008 5.2-4.6 4.90 Quade et al. 2008 
GWM1 -8.1 Levin et al. 2008 5.2-4.6 4.90 Quade et al. 2008 
GWM5 -3.5 Levin et al. 2008 5.2-4.6 4.90 Quade et al. 2008 
GWM5 -0.1 Levin et al. 2008 5.2-4.6 4.90 Quade et al. 2008 
GWM5 -11.0 Levin et al. 2008 5.2-4.6 4.90 Quade et al. 2008 
GWM5 -3.4 Levin et al. 2008 5.2-4.6 4.90 Quade et al. 2008 
GWM9 -8.4 Levin et al. 2008 5.2-4.6 4.90 Quade et al. 2008 
GWM9 -9.9 Levin et al. 2008 5.2-4.6 4.90 Quade et al. 2008 
GWM9 -4.3 Levin et al. 2008 5.2-4.6 4.90 Quade et al. 2008 
GWM9 -9.1 Levin et al. 2008 5.2-4.6 4.90 Quade et al. 2008 
GWM9 -10.5 Levin et al. 2008 5.2-4.6 4.90 Quade et al. 2008 
GWM2 -0.8 Levin et al. 2008 5.2-4.6 4.90 Quade et al. 2008 
GWM27 0.6 Levin et al. 2008 5.2-4.6 4.90 Quade et al. 2008 
GWM28 -6.3 Levin et al. 2008 5.2-4.6 4.90 Quade et al. 2008 
GWM28 -6.4 Levin et al. 2008 5.2-4.6 4.90 Quade et al. 2008 
GWM28 1.4 Levin et al. 2008 5.2-4.6 4.90 Quade et al. 2008 
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GWM28 -0.6 Levin et al. 2008 5.2-4.6 4.90 Quade et al. 2008 
GWM28 -5.7 Levin et al. 2008 5.2-4.6 4.90 Quade et al. 2008 
GWM28 -0.8 Levin et al. 2008 5.2-4.6 4.90 Quade et al. 2008 
GWM28 -2.2 Levin et al. 2008 5.2-4.6 4.90 Quade et al. 2008 
GWM28 -2.1 Levin et al. 2008 5.2-4.6 4.90 Quade et al. 2008 
GWM28 -1.7 Levin et al. 2008 5.2-4.6 4.90 Quade et al. 2008 
GWM28 -1.9 Levin et al. 2008 5.2-4.6 4.90 Quade et al. 2008 
GWM28 -1.7 Levin et al. 2008 5.2-4.6 4.90 Quade et al. 2008 
GWM28 -1.3 Levin et al. 2008 5.2-4.6 4.90 Quade et al. 2008 
GWM28 -1.3 Levin et al. 2008 5.2-4.6 4.90 Quade et al. 2008 














Aberdares Kenya K97-211-AB river Chania river 1 -6 
Aberdares Kenya K97-212-AB river Magura river 1 -5.3 
Aberdares Kenya K97-221-AB river Karimu River 1 -4.6 
Aberdares Kenya k97-338-AB river Karuiria river 1 -4.5 
Aberdares Kenya k97-319-AB river Rohoti River 1 -4.2 
Aberdares Kenya K97-343-AB river Thaaara River 1 -4.1 
Aberdares Kenya K97-210-AB river Gikururu River 1 -3.8 
Amboseli Kenya AMB04-03 stream Amboseli 1 -5.2 




Kiserian River at 
hippo pool 1 -2.9 
Awash Ethiopia ET05AK-09 spring Kada Bilen 1 -2.1 
Bale Ethiopia ET05W-081 well 
Bale NP HQ 
from tank 1 -1.9 
Ituri  DRC  river Epulu River 2 -2.7 
Ituri  DRC  spring  2 -2.1 
Ituri  DRC  stream Nepuse stream 2 -2 
Katavi Tanzania  river Lubugwe River 3 -3.8 
Kenyan coast Kenya K77-W46 well Lamu 1 -2.3 
Kibale Uganda J13-03 river Kibale 4 -1.7 
Kisumu Kenya KEN8005 spring 
Lake Victoria 
area 5 -3.27 
Laetoli Tanzania AMB04-03 stream Laetoli 6 -3 
Laikipia Kenya K98-Lai-356 river Ewaso Njiro 1 -4.1 
Laikipia Kenya 
K97-255-
LAI river Ewaso Ngiro 1 -3.9 
Laikipia Kenya 
K99-130-
MPLA river Ewaso Ngiro 1 -3.1 
Laikipia Kenya K98-Lai-340 bore hole Olpejeta Ranch 1 -2.2 
Laikipia Kenya K80-W9 river Ewaso Ngiro 1 -1.8 
Lake 
Albert/QEP Uganda/DRC M12-03 river  4 -3.2 
Lake 
Albert/QEP Uganda/DRC  river Ishasha River 7 -2.9 
Lake 
Albert/QEP Uganda/DRC  river Nyamweru River 7 -2.8 
Lake 
Albert/QEP Uganda/DRC  river 
Nyamugasani 
River 7 -2.7 
Lake 
Albert/QEP Uganda/DRC  river Ntungwe River 7 -2.7 
Lake 
Albert/QEP Uganda/DRC M12-02 tap  4 -2.64 
Lake 
Albert/QEP Uganda/DRC  river Ishasha River 8 -2.4 
Lake 
Albert/QEP Uganda/DRC  river Nchwera River 7 -2.4 
Lake 
Albert/QEP Uganda/DRC  river 
Nyamugasani 
River 7 -2.2 
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Lake 
Albert/QEP Uganda/DRC  river Lubilia River 7 -2 
Lake 
Albert/QEP Uganda/DRC  river Ntungwe River 8 -1.8 
Lake 
Albert/QEP Uganda/DRC  river Ishasha River 7 -1.7 
Lake 
Albert/QEP Uganda/DRC M11-03 river  4 -1.3 
Lake 
Albert/QEP Uganda/DRC  river Ntungwe River 7 -1.1 
Lake 
Albert/QEP Uganda/DRC  river Nchwera River 7 -1.1 
Lake 
Albert/QEP Uganda/DRC  river Nyamweru River 7 -1 
Lake 
Albert/QEP Uganda/DRC M11-04 river  4 0.86 
Lake Baringo Kenya K77-W37 river Molo River 1 -5.8 
Lake Baringo Kenya K-Bar-17 river 
Tributary to 
Molo River 1 -3.5 
Lake Baringo Kenya K-Bar-12 river 
Molo River at 
Marigat 1 -2.9 
Lake Baringo Kenya K-Bar-16 river Molo River 1 -2.9 
Lake Baringo Kenya K-Bar-13 river 
2nd River north 
of Marigat 1 -2.6 
Lake Baringo Kenya K80-W14 river Mukuton River 1 -2.3 
Lake Mburo Uganda C09-01 river  4 -2.32 
Lamu Kenya K77-W46 well  Lamu 1 -2.3 
Mago/Omo Ethiopia ET04W-36 river Omo River 1 -2.9 
Mago/Omo Ethiopia K79-AC-W2 river Omo River 1 -1.2 
Mago/Omo Ethiopia K79-AC-W3 river Omo River 1 -0.7 
Mago/Omo Ethiopia 
ET-99-OM-
407 river Omo River 1 0.5 
Marsabit  Kenya MM-25 well Kargi 9 -3.76 
Marsabit  Kenya  spring Mount Marsabit 10 -3.7 
Marsabit  Kenya  well Logogo 10 -3.7 
Marsabit  Kenya MM-26 well Bubisa 9 -3.7 
Marsabit  Kenya  spring Mount Marsabit 10 -3.6 
Marsabit  Kenya MM-29 well Log-Logo 9 -3.48 
Marsabit  Kenya MM-10 well Log-Logo 9 -3.44 
Marsabit  Kenya MM-9 spring Ura 9 -2.95 





(Merti aquifer) 5 -4.13 
Mt Kenya Kenya 
K97-371-
MTK river Timau river 1 -5.5 
Mt Kenya Kenya MM-32 spring Rwarera 9 -4.13 
Mt Kenya Kenya MM-18 well Njuruta 9 -4.09 
Mt Kenya Kenya MM-36 well Kinna 9 -3.69 
Mt Kenya Kenya 15 stream 
Hausberg Tarn 
Eastern Cliff 11 -3.5 
Mt Kenya Kenya MM-15 river Bisanadi 9 -3.5 
Mt Kenya Kenya MM-33 well Muramba 9 -3.45 
	 345 
Mt Kenya Kenya 16 stream 
Hausberg Tarn 
Eastern Cliff 11 -3.4 
Mt Kenya Kenya MM-17 well Ramita's, Ruiri 9 -3.36 
Mt Kenya Kenya MM-16 well Ruiri Mission 9 -3.15 
Murchison 
Falls Uganda Albert Nile river Albert Nile 4 -2.56 
Murchison 
Falls Uganda C18-01 groundwater Ngwedo  4 -1.71 
Murchison 
Falls Uganda J18-02 river 
Bukumi-
Bugungu 4 -0.75 
Murchison 
Falls Uganda M18-05 river 
Bukumi-
Bugungu 4 -0.55 
Naivasha Kenya K77-W24 river Gilgil River 1 -5.5 
Naivasha Kenya KEN-8360 spring Lake Naivasha 5 -3.41 
Naivasha Kenya K80-W26 river Malewa River 1 -2.8 
Naivasha Kenya PK-W80-2 river Gilgil River 1 -1.9 
Naivasha Kenya K80-W25 river Gilgil River 1 1.8 
Nakuru Kenya KN07W-323 tap Nakuru Park HQ 1 -3.5 
Nakuru Kenya 
K00-Nku-
263 stream Nakuru 1 -3.4 
Nakuru Kenya K77-W27 spring Nakuru 1 -3.1 
Narok Kenya K-Nar-24 river Narok 1 -3.7 
Nechisar Ethiopia ETH8003 spring 
Ethiopian Rift 
Valley 5 -2.01 
Olorgesailie Kenya K80-W11 bore hole Oltepesi 1 -4.7 
Olorgesailie Kenya KN04W-05 bore hole Oltepesi 1 -3.8 
Olorgesailie Kenya K80-W10 river Ol Kejo Ngiro 1 -1.7 
Olorgesailie Kenya K07-101 river S of Olorgesaille 1 -1.3 
Olorgesailie Kenya K-Olo-33 river Ol Kejo Ngiro 1 -1.2 
Olorgesailie Kenya KN04W-02 stream Ol Keju Nyiro 1 -0.4 
Samburu Kenya Maralel 8 bore hole Maralel 1 -4.1 
Samburu Kenya K07-W16 river Ngare-Ndare 1 -3.7 
Samburu Kenya K07-W20 river Waso River 1 -3.7 
Samburu Kenya K07-W23 river Isiolo 1 -3.1 
Samburu Kenya K07-W19 river Isiolo 1 -3 
Samburu Kenya K07-W25 river Isiolo 1 -3 
Samburu Kenya K07-W26 river Isiolo 1 -2.9 
Samburu Kenya 
K97-413-
SAM river Ewaso Ngiro 1 -2.5 
Samburu Kenya K07-W22 river Waso River 1 -2.4 
Samburu Kenya K07-W21 river Waso River 1 -2.3 
Samburu Kenya K07-W24 river Waso River 1 -2.2 
Samburu Kenya K07-W27 river Waso River 1 -1.9 
Serengeti-Mara Kenya AMB04-03 stream Masai-Mara 1 -3.6 
Serengeti-Mara 
Tanzania/Ken
ya K-Mara-96 river Masai-Mara 1 -3.6 
Simien Ethiopia ET05W-108 spring 
Sankaber Lodge 
Simien NP 1 -1.9 










TSV spring Mzima Springs 1 -5.9 
Tsavo Kenya 
K98-Tsv-
174  river Tsavo River 1 -4.8 
Tsavo Kenya 
K98-TSV-





pipeline 1 -3.9 
Tsavo Kenya 
K00-Tsv-
150 spring Mzima Springs 1 -3.6 
Tsavo Kenya 
K00-Tsv-
194 spring Mzima Springs 1 -3.6 
Tsavo Kenya 
K00-Tsv-
190 river Tsavo River 1 -3.5 
Tsavo Kenya 
K00-Tsv-




Athi River at 
Lugard Falls 1 -2.9 
Tsavo Kenya 
K98-TSU-
173 river Voi River 1 -2.3 
Tsavo Kenya K07-W06 river 
Lugard Falls 
Galana River 1 -2.3 
Tsavo Kenya 
K00-Tsv-
164 river Galana River 1 -0.9 
Turkana Kenya K77-W11 water hole Huran Hura WH 12 -5.5 
Turkana Kenya MM-24 spring Loiengalani 9 -4.21 





ephemeral 1 -3.8 
Turkana Kenya K80-W3 well Nderti 12 -3.7 
Turkana Kenya 
Loiengalani 
spring spring Loiengalani 1 -3.7 
Turkana Kenya K80-W5 river Naimarlal River 1 -3.7 
Turkana Kenya 
K99-074-
TURK water hole Kalachoro WH 1 -3.4 
Turkana Kenya  well Nderti 12 -3.3 
Turkana Kenya TCW81-15 water hole North Horr WH 12 -3.3 
Turkana Kenya K77-W04 well Nderti 12 -2.9 
Turkana Kenya ET04W-36 river Omo River 1 -2.9 
Turkana Kenya ES spring Eliye Spring 1 -2.8 
Turkana Kenya K80-W4 water hole Burgi WH 12 -2.7 
Turkana Kenya 032-KF-K00 water hole Jolgole 1 -2.6 
Turkana Kenya 
K99-097-
TURK river Turkwell River 1 -2.5 
Turkana Kenya 
117_Ker-
K00 river Kerio River 1 -2.4 
Turkana Kenya K77-W05 water hole Kubi Algi 1 -2.2 
Turkana Kenya KN07W-312 water hole 
gravel dam 
Kangaki 1 -2 
Turkana Kenya KN07W-313 well Kokiselei 1 -1.6 
Turkana Kenya K79-AC-W2 river Omo River 1 -1.2 
Turkana Kenya 
K99-058-
TURK water hole Lomekwi 1 -1.1 
Turkana Kenya 088-KF-K00 water hole Il Iret Laga 1 -0.7 
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Turkana Kenya K79-AC-W3 river Omo River 1 -0.7 
Turkana Kenya 
K99-033-
TURK bore hole  Kataboi 1 -0.3 
Turkana Kenya KN07W-308 river Kalokol 1 -0.3 
Turkana Kenya KN07W-309 river Kataboi 1 -0.2 
Turkana Kenya KN07W-315 spring Kokiselei 1 0.4 
Turkana Kenya K79-AC-W4 river Turkwell River 1 0.4 
Turkana Kenya 
ET-99-OM-
407 river Omo River 1 0.5 
Turkana Kenya KN07W-310 spring Topernawi 1 0.6 
Turkana Kenya K99-6025  stream Kataboi Gorge 1 0.6 
Turkana Kenya KN07W-316 stream Kataboi Gorge 1 0.6 
Turkana Kenya KN07W-402 well Ileret Well 1 0.8 
Turkana Kenya K77-W03 water hole Simba 1 1 
Turkana Kenya K07-W05 water hole Lokalalei 1 1.1 
Turkana Kenya K77-W09 water hole Koobi Fora 1 2.1 
Turkana Kenya 
103_LDW-
K00 river Turkwell River 1 2.3 
       
       
References       
1 Levin NE, Zipser EJ, Cerling TE. 2009. Journal of Geophysical Research 114: D23306 
2 Cerling TE. 2004. Oecologia 138:5-12    
3 Craig, H. 1974. Scripps Institution of Oceangraphy. University of California, San Diego 
4 with permission from GebreEgziabher and Jasechko unpublished   
5 Aggarwal PK et al. 2007. International Atomic Energy Agency, Austria  
6 Cerling TE. 1984. Earth and Planetary Letters 71: 229-240   
7 Russell JM, Johnson TC. 2006. Journal of Great Lakes Research 32:77-90  
8 Cockerton HE, et al. 2013. Quaternary Sceince Reviews 66: 4-21   
9 
Sklash MG, Mwangi MP. 1991. Journal of Hydrology 128:257-
275   
10 Ingraham NL, Matthews RA. Water Resources Research 24:1406-1410  
11 Rietti-Shati M, Yam R, Karlen W, Shemesh A. 2000. Chemical Geology 166:341-350 




APPENDIX 2 FOR CHAPTER 4: Extant herbivore teeth enamel data 
Order Family Tribe Genus and species 
Artiodactyla Bovidae Alcelaphini Connochaetes taurinus 
Artiodactyla Bovidae Alcelaphini Connochaetes taurinus 
Artiodactyla Bovidae Alcelaphini Connochaetes taurinus 
Artiodactyla Bovidae Alcelaphini Connochaetes taurinus 
Artiodactyla Bovidae Alcelaphini Connochaetes taurinus 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Suidae  Phacochoerus aethiopicus 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Rhinocerotidae  Diceros bicornis 
Perissodactyla Rhinocerotidae  Diceros bicornis 
Perissodactyla Rhinocerotidae  Diceros bicornis 
Perissodactyla Rhinocerotidae  Diceros bicornis 
Perissodactyla Rhinocerotidae  Diceros bicornis 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
	 349 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Giraffidae  Giraffa camelopardalis 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Suidae  Phacochoerus africanus 
Artiodactyla Suidae  Phacochoerus africanus 
Artiodactyla Bovidae Antilopini Gazella granti 
Artiodactyla Bovidae Antilopini Litocranius walleri 
Artiodactyla Bovidae Hippotragini Oryx beisa 
Artiodactyla Bovidae Hippotragini Oryx beisa 
Artiodactyla Bovidae Hippotragini Oryx beisa 
Artiodactyla Bovidae Hippotragini Oryx beisa 
Artiodactyla Bovidae Hippotragini Oryx beisa 
Artiodactyla Bovidae Hippotragini Oryx beisa 
Artiodactyla Bovidae Neotragini Madoqua kirkii 
Artiodactyla Bovidae Neotragini Madoqua kirkii 
Artiodactyla Bovidae Neotragini Madoqua kirkii 
Artiodactyla Bovidae Neotragini Madoqua kirkii 
Artiodactyla Bovidae Neotragini Madoqua kirkii 
Artiodactyla Bovidae Neotragini Madoqua kirkii 
Artiodactyla Bovidae Neotragini Madoqua kirkii 
Artiodactyla Bovidae Neotragini Madoqua kirkii 
Artiodactyla Bovidae Tragelaphini Tragelaphus strepsiceros 
Artiodactyla Bovidae Tragelaphini Tragelaphus strepsiceros 
Artiodactyla Bovidae Tragelaphini Tragelaphus strepsiceros 
Artiodactyla Giraffidae  Giraffa camelopardalis 
Perissodactyla Equidae  Equus grevyi 
Perissodactyla Rhinocerotidae  Diceros bicornis 
Artiodactyla Bovidae Bovini Syncerus caffer 
	 350 
Artiodactyla Bovidae Cephalophini Cephalophus dorsalis 
Artiodactyla Bovidae Cephalophini Cephalophus dorsalis 
Artiodactyla Bovidae Cephalophini Cephalophus leucogaster 
Artiodactyla Bovidae Cephalophini Cephalophus monticola 
Artiodactyla Bovidae Cephalophini Cephalophus nigrifrons 
Artiodactyla Bovidae Cephalophini Cephalophus sylvicultor 
Artiodactyla Bovidae Cephalophini Cephalophus weynsi 
Artiodactyla Bovidae Neotragini Neotragus batesi 
Artiodactyla Bovidae Tragelaphini Tragelaphus spekei 
Artiodactyla Giraffidae  Okapia johnstoni 
Proboscidea Elephantidae  Loxodonta africana 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Reduncini Kobus kob 
Artiodactyla Bovidae Reduncini Kobus kob 
Artiodactyla Bovidae Reduncini Kobus kob 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
	 351 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Suidae  Hylochoerus meinertzhageni 
Artiodactyla Suidae  Hylochoerus meinertzhageni 
Artiodactyla Suidae  Hylochoerus meinertzhageni 
Artiodactyla Suidae  Hylochoerus meinertzhageni 
Artiodactyla Suidae  Phacochoerus aethiopicus 
Artiodactyla Suidae  Phacochoerus africanus 
Artiodactyla Suidae  Phacochoerus africanus 
Artiodactyla Suidae  Phacochoerus africanus 
Artiodactyla Suidae  Phacochoerus africanus 
Artiodactyla Suidae  Phacochoerus africanus 
Artiodactyla Suidae  Phacochoerus africanus 
Artiodactyla Suidae  Phacochoerus africanus 
Artiodactyla Suidae  Phacochoerus africanus 
Artiodactyla Suidae  Phacochoerus africanus 
Artiodactyla Suidae  Phacochoerus africanus 
Artiodactyla Suidae  Phacochoerus africanus 
Artiodactyla Suidae  Phacochoerus africanus 
Artiodactyla Suidae  Phacochoerus africanus 
Artiodactyla Suidae  Phacochoerus africanus 
Artiodactyla Suidae  Phacochoerus africanus 
Artiodactyla Suidae  Phacochoerus africanus 
Artiodactyla Suidae  Phacochoerus africanus 
Artiodactyla Suidae  Phacochoerus africanus 
Artiodactyla Suidae  Phacochoerus africanus 
Artiodactyla Suidae  Phacochoerus africanus 
Artiodactyla Suidae  Phacochoerus africanus 
Artiodactyla Suidae  Phacochoerus africanus 
Artiodactyla Suidae  Phacochoerus africanus 
Artiodactyla Suidae  Phacochoerus africanus 
Artiodactyla Suidae  Phacochoerus africanus 
Artiodactyla Suidae  Phacochoerus africanus 
Artiodactyla Suidae  Phacochoerus africanus 
Artiodactyla Suidae  Phacochoerus africanus 
Artiodactyla Suidae  Phacochoerus africanus 
Artiodactyla Suidae  Phacochoerus africanus 
Artiodactyla Suidae  Phacochoerus africanus 
Artiodactyla Suidae  Phacochoerus africanus 
Artiodactyla Suidae  Potamochoerus larvatus 
Artiodactyla Suidae  Potamochoerus porcus 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Artiodactyla Bovidae Neotragini Madoqua kirkii 
Artiodactyla Giraffidae  Giraffa camelopardalis 
Artiodactyla Giraffidae  Giraffa camelopardalis 
	 352 
Artiodactyla Giraffidae  Giraffa camelopardalis 
Artiodactyla Giraffidae  Giraffa camelopardalis 
Artiodactyla Giraffidae  Giraffa camelopardalis 
Artiodactyla Giraffidae  Giraffa camelopardalis 
Artiodactyla Giraffidae  Giraffa camelopardalis 
Artiodactyla Giraffidae  Giraffa camelopardalis 
Artiodactyla Suidae  Phacochoerus africanus 
Artiodactyla Suidae  Phacochoerus africanus 
Artiodactyla Suidae  Phacochoerus africanus 
Artiodactyla Suidae  Phacochoerus africanus 
Artiodactyla Suidae  Phacochoerus africanus 
Artiodactyla Suidae  Phacochoerus africanus 
Artiodactyla Suidae  Phacochoerus africanus 
Artiodactyla Suidae  Phacochoerus africanus 
Artiodactyla Suidae  Phacochoerus africanus 
Artiodactyla Suidae  Phacochoerus africanus 
Artiodactyla Suidae  Phacochoerus africanus 
Artiodactyla Suidae  Phacochoerus africanus 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Rhinocerotidae  Ceratotherium simum 
Perissodactyla Rhinocerotidae  Ceratotherium simum 
Perissodactyla Rhinocerotidae  Ceratotherium simum 
Artiodactyla Bovidae Alcelaphini Connochaetes spp. 
Artiodactyla Bovidae Aepycerotini Aepyceros melampus 
Artiodactyla Bovidae Aepycerotini Aepyceros melampus 
Artiodactyla Bovidae Aepycerotini Aepyceros melampus 
Artiodactyla Bovidae Aepycerotini Aepyceros melampus 
Artiodactyla Bovidae Aepycerotini Aepyceros melampus 
Artiodactyla Bovidae Aepycerotini Aepyceros melampus 
Artiodactyla Bovidae Aepycerotini Aepyceros melampus 
Artiodactyla Bovidae Aepycerotini Aepyceros melampus 
Artiodactyla Bovidae Aepycerotini Aepyceros melampus 
Artiodactyla Bovidae Aepycerotini Aepyceros melampus 
Artiodactyla Bovidae Aepycerotini Aepyceros melampus 
Artiodactyla Bovidae Aepycerotini Aepyceros melampus 
Artiodactyla Bovidae Aepycerotini Aepyceros melampus 
Artiodactyla Bovidae Aepycerotini Aepyceros melampus 
Artiodactyla Bovidae Aepycerotini Aepyceros melampus 
Artiodactyla Bovidae Aepycerotini Aepyceros melampus 
Artiodactyla Bovidae Aepycerotini Aepyceros melampus 
Artiodactyla Bovidae Aepycerotini Aepyceros melampus 
Artiodactyla Bovidae Aepycerotini Aepyceros melampus 
Artiodactyla Bovidae Aepycerotini Aepyceros melampus 
Artiodactyla Bovidae Aepycerotini Aepyceros melampus 
Artiodactyla Bovidae Aepycerotini Aepyceros melampus 
Artiodactyla Bovidae Aepycerotini Aepyceros melampus 
Artiodactyla Bovidae Aepycerotini Aepyceros melampus 
Artiodactyla Bovidae Aepycerotini Aepyceros melampus 
	 353 
Artiodactyla Bovidae Aepycerotini Aepyceros melampus 
Artiodactyla Bovidae Aepycerotini Aepyceros melampus 
Artiodactyla Bovidae Aepycerotini Aepyceros melampus 
Artiodactyla Bovidae Aepycerotini Aepyceros melampus 
Artiodactyla Bovidae Aepycerotini Aepyceros melampus 
Artiodactyla Bovidae Aepycerotini Aepyceros melampus 
Artiodactyla Bovidae Aepycerotini Aepyceros melampus 
Artiodactyla Bovidae Aepycerotini Aepyceros melampus 
Artiodactyla Bovidae Aepycerotini Aepyceros melampus 
Artiodactyla Bovidae Aepycerotini Aepyceros melampus 
Artiodactyla Bovidae Aepycerotini Aepyceros melampus 
Artiodactyla Bovidae Aepycerotini Aepyceros melampus 
Artiodactyla Bovidae Aepycerotini Aepyceros melampus 
Artiodactyla Bovidae Aepycerotini Aepyceros melampus 
Artiodactyla Bovidae Aepycerotini Aepyceros melampus 
Artiodactyla Bovidae Aepycerotini Aepyceros melampus 
Artiodactyla Bovidae Aepycerotini Aepyceros melampus 
Artiodactyla Bovidae Antilopini Gazella granti 
Artiodactyla Bovidae Antilopini Gazella granti 
Artiodactyla Bovidae Antilopini Gazella granti 
Artiodactyla Bovidae Antilopini Gazella granti 
Artiodactyla Bovidae Antilopini Gazella granti 
Artiodactyla Bovidae Antilopini Gazella granti 
Artiodactyla Bovidae Antilopini Gazella granti 
Artiodactyla Bovidae Antilopini Gazella granti 
Artiodactyla Bovidae Antilopini Gazella granti 
Artiodactyla Bovidae Antilopini Gazella granti 
Artiodactyla Bovidae Antilopini Gazella granti 
Artiodactyla Bovidae Antilopini Gazella granti 
Artiodactyla Bovidae Antilopini Gazella granti 
Artiodactyla Bovidae Antilopini Gazella granti 
Artiodactyla Bovidae Antilopini Gazella granti 
Artiodactyla Bovidae Antilopini Gazella granti 
Artiodactyla Bovidae Antilopini Gazella granti 
Artiodactyla Bovidae Antilopini Gazella granti 
Artiodactyla Bovidae Antilopini Gazella granti 
Artiodactyla Bovidae Antilopini Gazella granti 
Artiodactyla Bovidae Antilopini Gazella granti 
Artiodactyla Bovidae Antilopini Gazella granti 
Artiodactyla Bovidae Antilopini Gazella granti 
Artiodactyla Bovidae Antilopini Gazella granti 
Artiodactyla Bovidae Antilopini Gazella granti 
Artiodactyla Bovidae Antilopini Gazella granti 
Artiodactyla Bovidae Antilopini Gazella granti 
Artiodactyla Bovidae Antilopini Gazella granti 
Artiodactyla Bovidae Antilopini Gazella granti 
Artiodactyla Bovidae Antilopini Gazella granti 
Artiodactyla Bovidae Antilopini Gazella granti 
Artiodactyla Bovidae Antilopini Gazella granti 
	 354 
Artiodactyla Bovidae Antilopini Gazella granti 
Artiodactyla Bovidae Antilopini Gazella granti 
Artiodactyla Bovidae Antilopini Gazella granti 
Artiodactyla Bovidae Antilopini Gazella granti 
Artiodactyla Bovidae Antilopini Gazella granti 
Artiodactyla Bovidae Antilopini Gazella granti 
Artiodactyla Bovidae Antilopini Gazella granti 
Artiodactyla Bovidae Antilopini Gazella granti 
Artiodactyla Bovidae Antilopini Gazella granti 
Artiodactyla Bovidae Antilopini Gazella granti 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
	 355 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Hippotragini Oryx beisa 
Artiodactyla Bovidae Hippotragini Oryx beisa 
Artiodactyla Bovidae Hippotragini Oryx beisa 
Artiodactyla Bovidae Hippotragini Oryx beisa 
Artiodactyla Bovidae Hippotragini Oryx beisa 
Artiodactyla Bovidae Hippotragini Oryx beisa 
Artiodactyla Bovidae Hippotragini Oryx beisa 
Artiodactyla Bovidae Hippotragini Oryx beisa 
Artiodactyla Bovidae Hippotragini Oryx beisa 
Artiodactyla Bovidae Hippotragini Oryx beisa 
Artiodactyla Bovidae Hippotragini Oryx beisa 
Artiodactyla Bovidae Hippotragini Oryx beisa 
Artiodactyla Bovidae Hippotragini Oryx beisa 
Artiodactyla Bovidae Neotragini Madoqua kirkii 
Artiodactyla Bovidae Neotragini Madoqua kirkii 
Artiodactyla Bovidae Neotragini Madoqua kirkii 
Artiodactyla Bovidae Neotragini Madoqua kirkii 
Artiodactyla Bovidae Neotragini Madoqua kirkii 
Artiodactyla Bovidae Neotragini Madoqua kirkii 
Artiodactyla Bovidae Neotragini Madoqua kirkii 
Artiodactyla Bovidae Neotragini Madoqua kirkii 
Artiodactyla Bovidae Neotragini Madoqua kirkii 
Artiodactyla Bovidae Neotragini Madoqua kirkii 
Artiodactyla Bovidae Neotragini Madoqua kirkii 
Artiodactyla Bovidae Neotragini Madoqua kirkii 
Artiodactyla Bovidae Neotragini Madoqua kirkii 
Artiodactyla Bovidae Neotragini Madoqua kirkii 
Artiodactyla Bovidae Neotragini Madoqua kirkii 
	 356 
Artiodactyla Bovidae Neotragini Madoqua kirkii 
Artiodactyla Bovidae Neotragini Madoqua kirkii 
Artiodactyla Bovidae Neotragini Madoqua kirkii 
Artiodactyla Giraffidae  Giraffa camelopardalis 
Artiodactyla Giraffidae  Giraffa camelopardalis 
Artiodactyla Giraffidae  Giraffa camelopardalis 
Artiodactyla Giraffidae  Giraffa camelopardalis 
Artiodactyla Giraffidae  Giraffa camelopardalis 
Artiodactyla Giraffidae  Giraffa camelopardalis 
Artiodactyla Giraffidae  Giraffa camelopardalis 
Artiodactyla Giraffidae  Giraffa camelopardalis 
Artiodactyla Giraffidae  Giraffa camelopardalis 
Artiodactyla Giraffidae  Giraffa camelopardalis 
Artiodactyla Giraffidae  Giraffa camelopardalis 
Artiodactyla Giraffidae  Giraffa camelopardalis 
Artiodactyla Giraffidae  Giraffa camelopardalis 
Artiodactyla Giraffidae  Giraffa camelopardalis 
Artiodactyla Giraffidae  Giraffa camelopardalis 
Artiodactyla Giraffidae  Giraffa camelopardalis 
Artiodactyla Giraffidae  Giraffa camelopardalis 
Artiodactyla Giraffidae  Giraffa camelopardalis 
Artiodactyla Giraffidae  Giraffa camelopardalis 
Artiodactyla Giraffidae  Giraffa camelopardalis 
Artiodactyla Giraffidae  Giraffa camelopardalis 
Artiodactyla Giraffidae  Giraffa camelopardalis 
Artiodactyla Giraffidae  Giraffa camelopardalis 
Artiodactyla Giraffidae  Giraffa camelopardalis 
Artiodactyla Giraffidae  Giraffa camelopardalis 
Artiodactyla Giraffidae  Giraffa camelopardalis 
Artiodactyla Giraffidae  Giraffa camelopardalis 
Artiodactyla Giraffidae  Giraffa camelopardalis 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
	 357 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Suidae  Phacochoerus africanus 
Artiodactyla Suidae  Phacochoerus africanus 
Artiodactyla Suidae  Phacochoerus africanus 
Artiodactyla Suidae  Phacochoerus africanus 
Artiodactyla Suidae  Phacochoerus africanus 
Artiodactyla Suidae  Phacochoerus africanus 
Artiodactyla Suidae  Phacochoerus africanus 
Artiodactyla Suidae  Phacochoerus africanus 
Artiodactyla Suidae  Phacochoerus africanus 
Artiodactyla Suidae  Potamochoerus larvatus 
Artiodactyla Suidae  Potamochoerus larvatus 
Artiodactyla Suidae  Potamochoerus larvatus 
Artiodactyla Suidae  Potamochoerus larvatus 
Artiodactyla Suidae  Potamochoerus larvatus 
Artiodactyla Suidae  Potamochoerus larvatus 
Artiodactyla Suidae  Potamochoerus larvatus 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
	 358 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Rhinocerotidae  Diceros bicornis 
Perissodactyla Rhinocerotidae  Diceros bicornis 
Perissodactyla Rhinocerotidae  Diceros bicornis 
Perissodactyla Rhinocerotidae  Diceros bicornis 
Perissodactyla Rhinocerotidae  Diceros bicornis 
Perissodactyla Rhinocerotidae  Diceros bicornis 
	 359 
Perissodactyla Rhinocerotidae  Diceros bicornis 
Perissodactyla Rhinocerotidae  Diceros bicornis 
Perissodactyla Rhinocerotidae  Diceros bicornis 
Perissodactyla Rhinocerotidae  Diceros bicornis 
Perissodactyla Rhinocerotidae  Diceros bicornis 
Perissodactyla Rhinocerotidae  Diceros bicornis 
Perissodactyla Rhinocerotidae  Diceros bicornis 
Perissodactyla Rhinocerotidae  Diceros bicornis 
Perissodactyla Rhinocerotidae  Diceros bicornis 
Perissodactyla Rhinocerotidae  Diceros bicornis 
Perissodactyla Rhinocerotidae  Diceros bicornis 
Perissodactyla Rhinocerotidae  Diceros bicornis 
Perissodactyla Rhinocerotidae  Diceros bicornis 
Perissodactyla Rhinocerotidae  Diceros bicornis 
Perissodactyla Rhinocerotidae  Diceros bicornis 
Perissodactyla Rhinocerotidae  Diceros bicornis 
Perissodactyla Rhinocerotidae  Diceros bicornis 
Perissodactyla Rhinocerotidae  Diceros bicornis 
Perissodactyla Rhinocerotidae  Diceros bicornis 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
	 360 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
	 361 
Proboscidea Elephantidae  Loxodonta africana 
Artiodactyla Bovidae Alcelaphini Alcelaphus buselaphus 
Artiodactyla Bovidae Alcelaphini Alcelaphus buselaphus 
Artiodactyla Bovidae Alcelaphini Alcelaphus buselaphus 
Artiodactyla Bovidae Alcelaphini Alcelaphus buselaphus 
Artiodactyla Bovidae Alcelaphini Alcelaphus buselaphus 
Artiodactyla Bovidae Antilopini Gazella granti 
Artiodactyla Bovidae Antilopini Gazella granti 
Artiodactyla Bovidae Antilopini Gazella soemmerringii 
Artiodactyla Bovidae Antilopini Oreotragus oreotragus 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Caprini Capra walie 
Artiodactyla Bovidae Cephalophini Sylvicapra grimmia 
Artiodactyla Bovidae Cephalophini Sylvicapra grimmia 
Artiodactyla Bovidae Cephalophini Sylvicapra grimmia 
Artiodactyla Bovidae Hippotragini Oryx beisa 
Artiodactyla Bovidae Hippotragini Oryx beisa 
Artiodactyla Bovidae Hippotragini Oryx beisa 
Artiodactyla Bovidae Hippotragini Oryx beisa 
Artiodactyla Bovidae Hippotragini Oryx beisa 
Artiodactyla Bovidae Hippotragini Oryx beisa 
Artiodactyla Bovidae Hippotragini Oryx beisa 
Artiodactyla Bovidae Hippotragini Oryx beisa 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Redunca redunca 
Artiodactyla Bovidae Tragelaphini Tragelaphus buxtoni 
Artiodactyla Bovidae Tragelaphini Tragelaphus buxtoni 
Artiodactyla Bovidae Tragelaphini Tragelaphus buxtoni 
Artiodactyla Bovidae Tragelaphini Tragelaphus buxtoni 
Artiodactyla Bovidae Tragelaphini Tragelaphus buxtoni 
Artiodactyla Bovidae Tragelaphini Tragelaphus buxtoni 
Artiodactyla Bovidae Tragelaphini Tragelaphus buxtoni 
Artiodactyla Bovidae Tragelaphini Tragelaphus buxtoni 
Artiodactyla Bovidae Tragelaphini Tragelaphus buxtoni 
Artiodactyla Bovidae Tragelaphini Tragelaphus scriptus 
Artiodactyla Bovidae Tragelaphini Tragelaphus scriptus 
Artiodactyla Bovidae Tragelaphini Tragelaphus scriptus 
	 362 
Artiodactyla Bovidae Tragelaphini Tragelaphus scriptus 
Artiodactyla Bovidae Tragelaphini Tragelaphus strepsiceros 
Artiodactyla Bovidae Tragelaphini Tragelaphus strepsiceros 
Artiodactyla Bovidae Tragelaphini Tragelaphus strepsiceros 
Artiodactyla Giraffidae  Giraffa camelopardalis 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Suidae  Phacochoerus aethiopicus 
Artiodactyla Suidae  Phacochoerus aethiopicus 
Artiodactyla Suidae  Phacochoerus aethiopicus 
Artiodactyla Suidae  Phacochoerus aethiopicus 
Artiodactyla Suidae  Phacochoerus aethiopicus 
Artiodactyla Suidae  Phacochoerus aethiopicus 
Artiodactyla Suidae  Phacochoerus aethiopicus 
Artiodactyla Suidae  Phacochoerus aethiopicus 
Artiodactyla Suidae  Phacochoerus aethiopicus 
Artiodactyla Suidae  Phacochoerus aethiopicus 
Artiodactyla Suidae  Phacochoerus aethiopicus 
Artiodactyla Suidae  Phacochoerus aethiopicus 
Artiodactyla Suidae  Phacochoerus aethiopicus 
Artiodactyla Suidae  Phacochoerus aethiopicus 
Artiodactyla Suidae  Potamochoerus larvatus 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus grevyi 
Perissodactyla Equidae  Equus grevyi 
	 363 
Perissodactyla Equidae  Equus grevyi 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Cephalophini Cephalophus monticola 
Artiodactyla Bovidae Cephalophini Cephalophus nigrifons 
Artiodactyla Bovidae Cephalophini Cephalophus sp. 
Artiodactyla Bovidae Cephalophini Cephalosphus sylvicultor 
Artiodactyla Bovidae Tragelaphini Tragelaphus scriptus 
Artiodactyla Bovidae Tragelaphini Tragelaphus scriptus 
Artiodactyla Suidae  Potamochoerus porcus 
Artiodactyla Suidae  Potamochoerus porcus 
Artiodactyla Suidae  Potamochoerus porcus 
Artiodactyla Suidae  Potamochoerus porcus 
Artiodactyla Suidae  Potamochoerus porcus 
Artiodactyla Suidae  Potamochoerus porcus 
Artiodactyla Suidae  Potamochoerus porcus 
Proboscidea Elephantidae  Loxodonta cyclotis 
Proboscidea Elephantidae  Loxodonta cyclotis 
Proboscidea Elephantidae  Loxodonta cyclotis 
Proboscidea Elephantidae  Loxodonta cyclotis 
Proboscidea Elephantidae  Loxodonta cyclotis 
Proboscidea Elephantidae  Loxodonta cyclotis 
Proboscidea Elephantidae  Loxodonta cyclotis 
Artiodactyla Bovidae Cephalophini Cephalophus callipygus 
Artiodactyla Bovidae Cephalophini Cephalophus callipygus 
Artiodactyla Bovidae Cephalophini Cephalophus callipygus 
Artiodactyla Bovidae Tragelaphini Tragelaphus spekei 
Artiodactyla Bovidae Tragelaphini Tragelaphus spekei 
Artiodactyla Suidae  Hylochoerus meinertzhageni 
Artiodactyla Suidae  Phacochoerus africanus 
Artiodactyla Suidae  Potamochoerus porcus 
Artiodactyla Suidae  Potamochoerus porcus 
Artiodactyla Suidae  Potamochoerus porcus 
Artiodactyla Suidae  Potamochoerus porcus 
Artiodactyla Suidae  Potamochoerus porcus 
Artiodactyla Suidae  Potamochoerus porcus 
Artiodactyla Suidae  Potamochoerus porcus 
Artiodactyla Giraffidae  Giraffa camelopardalis 
Artiodactyla Giraffidae  Giraffa camelopardalis 
Artiodactyla Giraffidae  Giraffa camelopardalis 
	 364 
Artiodactyla Suidae  Phacochoerus africanus 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Aepycerotini Aepyceros melampus 
Artiodactyla Bovidae Aepycerotini Aepyceros melampus 
Artiodactyla Bovidae Aepycerotini Aepyceros melampus 
Artiodactyla Bovidae Alcelaphini Alcelaphus buselaphus 
Artiodactyla Bovidae Alcelaphini Alcelaphus buselaphus 
Artiodactyla Bovidae Alcelaphini Alcelaphus buselaphus 
Artiodactyla Bovidae Alcelaphini Alcelaphus buselaphus 
Artiodactyla Bovidae Alcelaphini Alcelaphus buselaphus 
Artiodactyla Bovidae Alcelaphini Alcelaphus buselaphus 
Artiodactyla Bovidae Alcelaphini Alcelaphus buselaphus 
Artiodactyla Bovidae Alcelaphini Alcelaphus buselaphus 
Artiodactyla Bovidae Alcelaphini Alcelaphus buselaphus 
Artiodactyla Bovidae Alcelaphini Alcelaphus buselaphus 
Artiodactyla Bovidae Alcelaphini Alcelaphus buselaphus 
Artiodactyla Bovidae Alcelaphini Alcelaphus buselaphus 
Artiodactyla Bovidae Alcelaphini Alcelaphus buselaphus 
Artiodactyla Bovidae Alcelaphini Alcelaphus buselaphus 
Artiodactyla Bovidae Alcelaphini Alcelaphus buselaphus 
Artiodactyla Bovidae Alcelaphini Alcelaphus buselaphus 
Artiodactyla Bovidae Alcelaphini Alcelaphus buselaphus 
Artiodactyla Bovidae Alcelaphini Alcelaphus buselaphus 
Artiodactyla Bovidae Alcelaphini Alcelaphus buselaphus 
Artiodactyla Bovidae Alcelaphini Alcelaphus buselaphus 
Artiodactyla Bovidae Alcelaphini Alcelaphus buselaphus 
Artiodactyla Bovidae Alcelaphini Alcelaphus buselaphus 
Artiodactyla Bovidae Alcelaphini Alcelaphus buselaphus cokii 
Artiodactyla Bovidae Alcelaphini Alcelaphus buselaphus cokii 
Artiodactyla Bovidae Alcelaphini Alcelaphus buselaphus cokii 
Artiodactyla Bovidae Alcelaphini Alcelaphus buselaphus cokii 
Artiodactyla Bovidae Alcelaphini Alcelaphus buselaphus cokii 
Artiodactyla Bovidae Alcelaphini Alcelaphus buselaphus cokii 
Artiodactyla Bovidae Alcelaphini Alcelaphus buselaphus cokii 
Artiodactyla Bovidae Alcelaphini Alcelaphus buselaphus cokii 
Artiodactyla Bovidae Alcelaphini Alcelaphus buselaphus cokii 
Artiodactyla Bovidae Alcelaphini Alcelaphus buselaphus cokii 
Artiodactyla Bovidae Alcelaphini Alcelaphus buselaphus cokii 
Artiodactyla Bovidae Alcelaphini Alcelaphus buselaphus cokii 
Artiodactyla Bovidae Alcelaphini Alcelaphus buselaphus cokii 
Artiodactyla Bovidae Alcelaphini Alcelaphus buselaphus cokii 
Artiodactyla Bovidae Alcelaphini Alcelaphus buselaphus cokii 
Artiodactyla Bovidae Alcelaphini Alcelaphus buselaphus cokii 
Artiodactyla Bovidae Alcelaphini Alcelaphus buselaphus cokii 
Artiodactyla Bovidae Alcelaphini Alcelaphus buselaphus cokii 
Artiodactyla Bovidae Alcelaphini Alcelaphus buselaphus jacksoni 
Artiodactyla Bovidae Alcelaphini Beatragus hunteri 
Artiodactyla Bovidae Alcelaphini Beatragus hunteri 
Artiodactyla Bovidae Alcelaphini Beatragus hunteri 
	 365 
Artiodactyla Bovidae Alcelaphini Connochaetes taurinus 
Artiodactyla Bovidae Alcelaphini Connochaetes taurinus 
Artiodactyla Bovidae Alcelaphini Connochaetes taurinus 
Artiodactyla Bovidae Alcelaphini Connochaetes taurinus 
Artiodactyla Bovidae Alcelaphini Connochaetes taurinus 
Artiodactyla Bovidae Alcelaphini Connochaetes taurinus 
Artiodactyla Bovidae Alcelaphini Connochaetes taurinus 
Artiodactyla Bovidae Alcelaphini Connochaetes taurinus 
Artiodactyla Bovidae Alcelaphini Connochaetes taurinus 
Artiodactyla Bovidae Alcelaphini Connochaetes taurinus 
Artiodactyla Bovidae Alcelaphini Connochaetes taurinus 
Artiodactyla Bovidae Alcelaphini Connochaetes taurinus 
Artiodactyla Bovidae Alcelaphini Connochaetes taurinus 
Artiodactyla Bovidae Alcelaphini Connochaetes taurinus 
Artiodactyla Bovidae Alcelaphini Connochaetes taurinus 
Artiodactyla Bovidae Alcelaphini Connochaetes taurinus 
Artiodactyla Bovidae Alcelaphini Connochaetes taurinus 
Artiodactyla Bovidae Alcelaphini Connochaetes taurinus 
Artiodactyla Bovidae Alcelaphini Connochaetes taurinus 
Artiodactyla Bovidae Alcelaphini Connochaetes taurinus 
Artiodactyla Bovidae Alcelaphini Connochaetes taurinus 
Artiodactyla Bovidae Alcelaphini Connochaetes taurinus 
Artiodactyla Bovidae Alcelaphini Connochaetes taurinus 
Artiodactyla Bovidae Alcelaphini Connochaetes taurinus 
Artiodactyla Bovidae Alcelaphini Connochaetes taurinus 
Artiodactyla Bovidae Alcelaphini Connochaetes taurinus 
Artiodactyla Bovidae Alcelaphini Connochaetes taurinus 
Artiodactyla Bovidae Alcelaphini Connochaetes taurinus 
Artiodactyla Bovidae Alcelaphini Connochaetes taurinus 
Artiodactyla Bovidae Alcelaphini Connochaetes taurinus 
Artiodactyla Bovidae Alcelaphini Connochaetes taurinus 
Artiodactyla Bovidae Alcelaphini Connochaetes taurinus 
Artiodactyla Bovidae Alcelaphini Connochaetes taurinus 
Artiodactyla Bovidae Alcelaphini Connochaetes taurinus 
Artiodactyla Bovidae Alcelaphini Connochaetes taurinus 
Artiodactyla Bovidae Alcelaphini Connochaetes taurinus 
Artiodactyla Bovidae Alcelaphini Connochaetes taurinus 
Artiodactyla Bovidae Alcelaphini Connochaetes taurinus 
Artiodactyla Bovidae Alcelaphini Damaliscus korrigum 
Artiodactyla Bovidae Alcelaphini Damaliscus korrigum 
Artiodactyla Bovidae Alcelaphini Damaliscus korrigum 
Artiodactyla Bovidae Alcelaphini Damaliscus korrigum 
Artiodactyla Bovidae Alcelaphini Damaliscus korrigum 
Artiodactyla Bovidae Antilopini Gazella granti 
Artiodactyla Bovidae Antilopini Gazella granti 
Artiodactyla Bovidae Antilopini Gazella granti 
Artiodactyla Bovidae Antilopini Gazella granti 
Artiodactyla Bovidae Antilopini Gazella thomsonii 
Artiodactyla Bovidae Antilopini Gazella thomsonii 
	 366 
Artiodactyla Bovidae Antilopini Gazella thomsonii 
Artiodactyla Bovidae Antilopini Gazella thomsonii 
Artiodactyla Bovidae Antilopini Gazella thomsonii 
Artiodactyla Bovidae Antilopini Gazella thomsonii 
Artiodactyla Bovidae Antilopini Gazella thomsonii 
Artiodactyla Bovidae Antilopini Gazella thomsonii 
Artiodactyla Bovidae Antilopini Gazella thomsonii 
Artiodactyla Bovidae Antilopini Litocranius walleri 
Artiodactyla Bovidae Antilopini Litocranius walleri 
Artiodactyla Bovidae Antilopini Litocranius walleri 
Artiodactyla Bovidae Antilopini Litocranius walleri 
Artiodactyla Bovidae Antilopini Litocranius walleri 
Artiodactyla Bovidae Antilopini Litocranius walleri 
Artiodactyla Bovidae Antilopini Oreotragus oreotragus 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Cephalophini Cephalophus natalensis 
Artiodactyla Bovidae Cephalophini Cephalophus nigrifrons 
Artiodactyla Bovidae Cephalophini Cephalophus nigrifrons 
Artiodactyla Bovidae Cephalophini Cephalophus sp. 
Artiodactyla Bovidae Cephalophini Cephalophus sp. 
Artiodactyla Bovidae Cephalophini Cephalophus sp. 
	 367 
Artiodactyla Bovidae Cephalophini Cephalophus sp. 
Artiodactyla Bovidae Cephalophini Cephalophus sp. 
Artiodactyla Bovidae Cephalophini Philantomba monticola 
Artiodactyla Bovidae Cephalophini Philantomba monticola 
Artiodactyla Bovidae Hippotragini Hippotragus niger 
Artiodactyla Bovidae Hippotragini Oryx beisa 
Artiodactyla Bovidae Neotragini Oerebia oerebi 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Kobus kob 
Artiodactyla Bovidae Reduncini Kobus kob 
Artiodactyla Bovidae Reduncini Kobus kob 
Artiodactyla Bovidae Reduncini Kobus kob 
Artiodactyla Bovidae Reduncini Kobus kob 
Artiodactyla Bovidae Reduncini Kobus kob 
	 368 
Artiodactyla Bovidae Reduncini Kobus kob 
Artiodactyla Bovidae Reduncini Kobus kob 
Artiodactyla Bovidae Reduncini Kobus kob 
Artiodactyla Bovidae Reduncini Redunca fulvorufula 
Artiodactyla Bovidae Reduncini Redunca redunca 
Artiodactyla Bovidae Reduncini Redunca redunca 
Artiodactyla Bovidae Reduncini Redunca redunca 
Artiodactyla Bovidae Reduncini Redunca redunca 
Artiodactyla Bovidae Reduncini Redunca redunca 
Artiodactyla Bovidae Reduncini Redunca redunca 
Artiodactyla Bovidae Reduncini Redunca redunca 
Artiodactyla Bovidae Reduncini Redunca redunca 
Artiodactyla Bovidae Reduncini Redunca redunca 
Artiodactyla Bovidae Reduncini Redunca redunca 
Artiodactyla Bovidae Tragelaphini Boocerus eurycerus 
Artiodactyla Bovidae Tragelaphini Boocerus eurycerus 
Artiodactyla Bovidae Tragelaphini Taurotragus oryx 
Artiodactyla Bovidae Tragelaphini Taurotragus oryx 
Artiodactyla Bovidae Tragelaphini Taurotragus oryx 
Artiodactyla Bovidae Tragelaphini Taurotragus oryx 
Artiodactyla Bovidae Tragelaphini Taurotragus oryx 
Artiodactyla Bovidae Tragelaphini Taurotragus oryx 
Artiodactyla Bovidae Tragelaphini Taurotragus oryx 
Artiodactyla Bovidae Tragelaphini Taurotragus oryx 
Artiodactyla Bovidae Tragelaphini Taurotragus oryx 
Artiodactyla Bovidae Tragelaphini Taurotragus oryx 
Artiodactyla Bovidae Tragelaphini Taurotragus oryx 
Artiodactyla Bovidae Tragelaphini Taurotragus oryx 
Artiodactyla Bovidae Tragelaphini Taurotragus oryx 
Artiodactyla Bovidae Tragelaphini Taurotragus oryx 
Artiodactyla Bovidae Tragelaphini Taurotragus oryx 
Artiodactyla Bovidae Tragelaphini Taurotragus oryx 
Artiodactyla Bovidae Tragelaphini Taurotragus oryx 
Artiodactyla Bovidae Tragelaphini Taurotragus oryx 
Artiodactyla Bovidae Tragelaphini Taurotragus oryx 
Artiodactyla Bovidae Tragelaphini Taurotragus oryx 
Artiodactyla Bovidae Tragelaphini Tragelaphus imberbis 
Artiodactyla Bovidae Tragelaphini Tragelaphus imberbis 
Artiodactyla Bovidae Tragelaphini Tragelaphus scriptus 
Artiodactyla Bovidae Tragelaphini Tragelaphus scriptus 
Artiodactyla Bovidae Tragelaphini Tragelaphus scriptus 
Artiodactyla Bovidae Tragelaphini Tragelaphus scriptus 
Artiodactyla Bovidae Tragelaphini Tragelaphus spekei 
Artiodactyla Bovidae Tragelaphini Tragelaphus spekei 
Artiodactyla Bovidae Tragelaphini Tragelaphus strepsiceros 
Artiodactyla Bovidae Tragelaphini Tragelaphus strepsiceros 
Artiodactyla Bovidae Tragelephini Tragelaphus imberbis 
Artiodactyla Bovidae Tragelephini Tragelaphus imberbis 
Artiodactyla Giraffidae  Giraffa camelopardalis 
	 369 
Artiodactyla Giraffidae  Giraffa camelopardalis 
Artiodactyla Giraffidae  Giraffa camelopardalis 
Artiodactyla Giraffidae  Giraffa camelopardalis 
Artiodactyla Giraffidae  Giraffa camelopardalis 
Artiodactyla Giraffidae  Giraffa camelopardalis 
Artiodactyla Giraffidae  Giraffa camelopardalis 
Artiodactyla Giraffidae  Giraffa camelopardalis 
Artiodactyla Giraffidae  Giraffa camelopardalis 
Artiodactyla Giraffidae  Giraffa camelopardalis 
Artiodactyla Giraffidae  Giraffa camelopardalis 
Artiodactyla Giraffidae  Giraffa camelopardalis 
Artiodactyla Giraffidae  Giraffa camelopardalis 
Artiodactyla Giraffidae  Giraffa camelopardalis 
Artiodactyla Giraffidae  Giraffa camelopardalis 
Artiodactyla Giraffidae  Okapia johnstoni 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Artiodactyla Suidae  Hylochoerus meinertzhageni 
Artiodactyla Suidae  Hylochoerus meinertzhageni 
Artiodactyla Suidae  Hylochoerus meinertzhageni 
Artiodactyla Suidae  Hylochoerus meinertzhageni 
	 370 
Artiodactyla Suidae  Hylochoerus meinertzhageni 
Artiodactyla Suidae  Hylochoerus meinertzhageni 
Artiodactyla Suidae  Hylochoerus meinertzhageni 
Artiodactyla Suidae  Hylochoerus meinertzhageni 
Artiodactyla Suidae  Phacochoerus africanus 
Artiodactyla Suidae  Phacochoerus africanus 
Artiodactyla Suidae  Phacochoerus africanus 
Artiodactyla Suidae  Phacochoerus africanus 
Artiodactyla Suidae  Phacochoerus africanus 
Artiodactyla Suidae  Phacochoerus africanus 
Artiodactyla Suidae  Phacochoerus africanus 
Artiodactyla Suidae  Phacochoerus africanus 
Artiodactyla Suidae  Phacochoerus africanus 
Artiodactyla Suidae  Potamochoerus larvatus 
Artiodactyla Suidae  Potamochoerus larvatus 
Artiodactyla Suidae  Potamochoerus porcus 
Artiodactyla Suidae  Potamochoerus porcus 
Artiodactyla Suidae  Potamochoerus porcus 
Artiodactyla Suidae  Potamochoerus porcus 
Artiodactyla Suidae  Potamochoerus porcus 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus grevyi 
Perissodactyla Equidae  Equus grevyi 
Perissodactyla Rhinocerotidae  Ceratotherium simum 
Perissodactyla Rhinocerotidae  Ceratotherium simum 
Perissodactyla Rhinocerotidae  Ceratotherium simum 
Perissodactyla Rhinocerotidae  Diceros bicornis 
Perissodactyla Rhinocerotidae  Diceros bicornis 
Perissodactyla Rhinocerotidae  Diceros bicornis 
Perissodactyla Rhinocerotidae  Diceros bicornis 
Perissodactyla Rhinocerotidae  Diceros bicornis 
Perissodactyla Rhinocerotidae  Diceros bicornis 
Perissodactyla Rhinocerotidae  Diceros bicornis 
Perissodactyla Rhinocerotidae  Diceros bicornis 
Perissodactyla Rhinocerotidae  Diceros bicornis 
Perissodactyla Rhinocerotidae  Diceros bicornis 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
	 371 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta africana 
Proboscidea Elephantidae  Loxodonta cyclotis 
Proboscidea Elephantidae  Loxodonta cyclotis 
Proboscidea Elephantidae  Loxodonta cyclotis 
Proboscidea Elephantidae  Loxodonta cyclotis 
Proboscidea Elephantidae  Loxodonta cyclotis 
Proboscidea Elephantidae  Loxodonta cyclotis 
Proboscidea Elephantidae  Loxodonta cyclotis 
Proboscidea Elephantidae  Loxodonta cyclotis 
Proboscidea Elephantidae  Loxodonta cyclotis 
Proboscidea Elephantidae  Loxodonta cyclotis 
Proboscidea Elephantidae  Loxodonta cyclotis 
Proboscidea Elephantidae  Loxodonta cyclotis 
Proboscidea Elephantidae  Loxodonta cyclotis 
Proboscidea Elephantidae  Loxodonta cyclotis 
Artiodactyla Bovidae Aepycerotini Aepyceros melampus 
Artiodactyla Bovidae Aepycerotini Aepyceros melampus 
Artiodactyla Bovidae Aepycerotini Aepyceros melampus 
Artiodactyla Bovidae Alcelaphini Alcelaphus buselaphus 
Artiodactyla Bovidae Alcelaphini Alcelaphus buselaphus 
Artiodactyla Bovidae Alcelaphini Alcelaphus buselaphus 
Artiodactyla Bovidae Alcelaphini Connochaetes gnu 
Artiodactyla Bovidae Alcelaphini Connochaetes gnu 
	 372 
Artiodactyla Bovidae Alcelaphini Connochaetes gnu 
Artiodactyla Bovidae Alcelaphini Connochaetes gnu 
Artiodactyla Bovidae Alcelaphini Connochaetes gnu 
Artiodactyla Bovidae Alcelaphini Connochaetes gnu 
Artiodactyla Bovidae Alcelaphini Connochaetes gnu 
Artiodactyla Bovidae Alcelaphini Connochaetes gnu 
Artiodactyla Bovidae Alcelaphini Connochaetes gnu 
Artiodactyla Bovidae Alcelaphini Connochaetes gnu 
Artiodactyla Bovidae Alcelaphini Damaliscus lunatus 
Artiodactyla Bovidae Alcelaphini Damaliscus lunatus 
Artiodactyla Bovidae Alcelaphini Damaliscus lunatus 
Artiodactyla Bovidae Antilopini Gazella granti 
Artiodactyla Bovidae Antilopini Gazella granti 
Artiodactyla Bovidae Antilopini Gazella granti 
Artiodactyla Bovidae Antilopini Gazella thomsonii 
Artiodactyla Bovidae Antilopini Gazella thomsonii 
Artiodactyla Bovidae Antilopini Gazella thomsonii 
Artiodactyla Bovidae Antilopini Gazella thomsonii 
Artiodactyla Bovidae Antilopini Gazella thomsonii 
Artiodactyla Bovidae Antilopini Gazella thomsonii 
Artiodactyla Bovidae Antilopini Gazella thomsonii 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Bovini Syncerus caffer 
Artiodactyla Bovidae Hippotragini Hippotragus niger 
Artiodactyla Bovidae Reduncini Kobus ellipsiprymnus 
Artiodactyla Bovidae Reduncini Redunca redunca 
Artiodactyla Bovidae Tragelaphini Tragelaphus imberbis 
Artiodactyla Bovidae Tragelaphini Tragelaphus scriptus 
Artiodactyla Bovidae Tragelaphini Tragelaphus scriptus 
Artiodactyla Bovidae Tragelaphini Tragelaphus strepsiceros 
Artiodactyla Bovidae Tragelaphini Tragelaphus strepsiceros 
Artiodactyla Giraffidae  Giraffa camelopardalis 
Artiodactyla Giraffidae  Giraffa camelopardalis 
Artiodactyla Giraffidae  Giraffa camelopardalis 
Artiodactyla Hippopotamidae  Hippopotamus amphibius 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Equidae  Equus burchelli 
Perissodactyla Rhinocerotidae  Diceros bicornis 
Perissodactyla Rhinocerotidae  Diceros bicornis 
	 373 




APPENDIX 2 FOR CHAPTER 4 
CONTINUED    
Sample ID δ18O (VPDB) Location Country Reference 
 2.2 Amboseli Kenya 1 
 2.6 Amboseli Kenya 1 
 3.1 Amboseli Kenya 1 
 3.0 Amboseli Kenya 1 
 3.4 Amboseli Kenya 1 
 -2.3 Amboseli Kenya 1 
 0.8 Amboseli Kenya 1 
 -4.7 Amboseli Kenya 1 
 -6.2 Amboseli Kenya 1 
 0.1 Amboseli Kenya 1 
 -0.8 Amboseli Kenya 1 
 -0.2 Amboseli Kenya 1 
 -1.6 Amboseli Kenya 1 
 3.5 Amboseli Kenya 1 
 2.1 Amboseli Kenya 1 
 0.9 Amboseli Kenya 1 
 -0.5 Amboseli Kenya 1 
 -1.6 Amboseli Kenya 1 
 -4.2 Amboseli Kenya 1 
 -0.8 Amboseli Kenya 1 
 0.0 Amboseli Kenya 1 
 -1.9 Amboseli Kenya 1 
 -0.5 Amboseli Kenya 1 
 -1.6 Amboseli Kenya 1 
 -2.5 Amboseli Kenya 1 
 -0.9 Amboseli Kenya 1 
 0.1 Amboseli Kenya 1 
 -1.1 Amboseli Kenya 1 
NL 1 0.0 Baringo Kenya 2 
OM 2205 -2.0 Baringo Kenya 2 
GNP-hippo -1.9 Garamba DRC 2 
PNVN-009(average) 0.2 Ishango DRC 2 
PNVN-009 -2.0 Ishango DRC 2 
PNVIs-017 -1.7 Ishango DRC 2 
PNVIs-021-m2 -3.2 Ishango DRC 2 
PNVIs-021-m3 -0.4 Ishango DRC 2 
PNVIs-022-m3 -0.5 Ishango DRC 2 
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PNVIs-024-P4 0.2 Ishango DRC 2 
PNVIs-024-M2 0.0 Ishango DRC 2 
RL-1 -4.6 Katavi Tanzania 2 
RL-101 -2.1 Katavi Tanzania 2 
RL-102 -0.7 Katavi Tanzania 2 
RL-108 -2.3 Katavi Tanzania 2 
RL-11 -2.8 Katavi Tanzania 2 
RL-15 -3.1 Katavi Tanzania 2 
RL-16 -3.6 Katavi Tanzania 2 
RL-18 -2.4 Katavi Tanzania 2 
RL-19 -3.0 Katavi Tanzania 2 
RL-3? -3.3 Katavi Tanzania 2 
RL-31 -4.4 Katavi Tanzania 2 
RL-34 -3.7 Katavi Tanzania 2 
RL-35 -3.2 Katavi Tanzania 2 
RL-37 -2.3 Katavi Tanzania 2 
RL-39 -2.5 Katavi Tanzania 2 
RL-43 -1.9 Katavi Tanzania 2 
RL-44 -2.2 Katavi Tanzania 2 
RL-45 -2.6 Katavi Tanzania 2 
RL-49 -2.7 Katavi Tanzania 2 
RL-5? -3.8 Katavi Tanzania 2 
RL-73 -3.0 Katavi Tanzania 2 
PNVL-004  Lulimbe DRC 2 
PNVL-008  Lulimbe DRC 2 
PNVL-011  Lulimbe DRC 2 
PNVL-015  Lulimbe DRC 2 
PNVL-017  Lulimbe DRC 2 
PNVL-022  Lulimbe DRC 2 
PNVL-023  Lulimbe DRC 2 
K08-TSV-209e -0.2 Tsavo Kenya 3 
K08-TSV-201-C-ave -2.2 Tsavo Kenya 3 
K08-TSV-208e -3.8 Tsavo Kenya 3 
K00-TSV-266-M/3 -3.0 Tsavo Kenya 3 
K08-TSV-205-C-ave 0.6 Tsavo Kenya 3 
K08-TSV-216e 2.6 Tsavo Kenya 3 
96 JW 13 8.6 Turkana Kenya 4 
SU96:12 9.4 Turkana Kenya 4 
OM 1530 4.1 Turkana Kenya 4 
SU-5 6.1 Turkana Kenya 4 
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SU-5 4.3 Turkana Kenya 4 
SU-6 5.1 Turkana Kenya 4 
SU96:15 6.8 Turkana Kenya 4 
TEC-K89.9E 5.8 Turkana Kenya 4 
SU-2 6.2 Turkana Kenya 4 
SU-3 8.8 Turkana Kenya 4 
SU-4 4.8 Turkana Kenya 4 
SU96:10 7.3 Turkana Kenya 4 
SU96:11 6.0 Turkana Kenya 4 
SU96:17 6.7 Turkana Kenya 4 
SU96:18 6.0 Turkana Kenya 4 
SU96:21 9.1 Turkana Kenya 4 
SU96:7 11.1 Turkana Kenya 4 
SU96:23 13.6 Turkana Kenya 4 
SU96:14 14.1 Turkana Kenya 4 
TEC.K89.3 7.4 Turkana Kenya 4 
20134 9.9 Turkana Kenya 4 
TEC.K89.1 2.3 Turkana Kenya 4 
CEF-S.c.-1 -1.4 Ituri DRC 5 
CEF-161 average 0.6 Ituri DRC 5 
JAH-022 average 0.6 Ituri DRC 5 
CEF-159 average -0.2 Ituri DRC 5 
CEF-169 -2.7 Ituri DRC 5 
CEF-171 1.1 Ituri DRC 5 
CEF-147 average -0.4 Ituri DRC 5 
CEF-166 average -2.7 Ituri DRC 5 
CEF-196 average -2.4 Ituri DRC 5 
CEF-188 average 0.7 Ituri DRC 5 
JAH-A average -0.7 Ituri DRC 5 
CEF-98-L.a. 1.5 Ituri DRC 5 
 0.4 QEP Uganda 6 
 -0.7 QEP Uganda 6 
 -0.2 QEP Uganda 6 
 0.1 QEP Uganda 6 
 -0.5 QEP Uganda 6 
 -0.3 QEP Uganda 6 
 0.6 QEP Uganda 6 
 0.4 QEP Uganda 6 
 0.4 QEP Uganda 6 
 -0.6 QEP Uganda 6 
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 -3.6 QEP Uganda 6 
 0.3 QEP Uganda 6 
 -1.6 QEP Uganda 6 
 0.7 QEP Uganda 6 
 1.3 QEP Uganda 6 
 2.5 QEP Uganda 6 
 -2.2 QEP Uganda 6 
 -2.6 QEP Uganda 6 
 3.7 QEP Uganda 6 
 -0.2 QEP Uganda 6 
 -0.6 QEP Uganda 6 
 -3.1 QEP Uganda 6 
 -1.1 QEP Uganda 6 
 1.9 QEP Uganda 6 
 1.1 QEP Uganda 6 
 0.0 QEP Uganda 6 
 1.3 QEP Uganda 6 
 0.9 QEP Uganda 6 
 -0.6 QEP Uganda 6 
 -0.3 QEP Uganda 6 
U98-QEP-213 6.0 QEP Uganda 7 
U98-QEP-219 4.3 QEP Uganda 7 
U98-QEP-216 4.9 QEP Uganda 7 
U98-QEP-218 2.8 QEP Uganda 7 
U98-QEP-221 4.3 QEP Uganda 7 
U98-QEP-201 -0.5 QEP Uganda 7 
U98-QEP-202 -0.8 QEP Uganda 7 
U98-QEP-203A 0.9 QEP Uganda 7 
U98-QEP-203B -0.4 QEP Uganda 7 
U98-QEP-208 0.4 QEP Uganda 7 
U98-QEP-210 -0.4 QEP Uganda 7 
U98-QEP-247 -0.5 QEP Uganda 7 
CEF-252 -0.3 Ituri DRC 7 
CEF-252 -1.3 Ituri DRC 7 
OM 3335 -4.1 Laikipia Kenya 7 
U98-QEP-Luigi -0.4 QEP Uganda 7 
GNP-warthog 1 3.5 Garamba DRC 7 
OM 2147 4.6 Athi Kenya 7 
OM 3318 5.0 Athi Kenya 7 
OM 7806 0.9 Athi Kenya 7 
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K98-Lai-348 4.0 Laikipia Kenya 7 
K99-111-Lai 4.4 Laikipia Kenya 7 
K99-116-Lai 4.4 Laikipia Kenya 7 
K99-122-Lai 3.1 Laikipia Kenya 7 
K99-124-Lai 3.6 Laikipia Kenya 7 
K99-125-Lai 5.1 Laikipia Kenya 7 
K00-Nku-238 4.1 Nakuru Kenya 7 
K00-Nku-239 3.1 Nakuru Kenya 7 
K00-Nku-243 4.1 Nakuru Kenya 7 
K00-Nku-245 2.2 Nakuru Kenya 7 
K00-Nku-251A 1.7 Nakuru Kenya 7 
K00-Nku-252A 4.0 Nakuru Kenya 7 
K00-Nku-257 3.8 Nakuru Kenya 7 
K00-Nku-265 3.8 Nakuru Kenya 7 
K00-Nku-284 4.3 Nakuru Kenya 7 
K00-Nku-290 3.8 Nakuru Kenya 7 
NAK 1 2.6 Nakuru Kenya 7 
NAK 2 4.3 Nakuru Kenya 7 
K98-Nar-101 0.5 Narok Kenya 7 
OM 3322 3.5 Narok Kenya 7 
OM 3326 2.5 Narok Kenya 7 
U98-QEP-205 4.1 QEP Uganda 7 
U98-QEP-206 1.7 QEP Uganda 7 
U98-QEP-207 2.7 QEP Uganda 7 
U98-QEP-243 4.0 QEP Uganda 7 
K98-Tsv-164 0.1 Tsavo Kenya 7 
K98-Tsv-165 0.9 Tsavo Kenya 7 
100-KF-K00 3.6 Turkana Kenya 7 
TEC.K98.5 5.4 Turkana Kenya 7 
K00-Nku-291 -0.6 Nakuru Kenya 7 
JAH-B -2.5 Ituri DRC 7 
U98-QEP-209 1.0 QEP Uganda 7 
U98-QEP-211 0.6 QEP Uganda 7 
U98-QEP-212 0.1 QEP Uganda 7 
Md64 -2.2 Laetoli Tanzania 8 
G1 4.0 Laetoli Tanzania 8 
G2 6.0 Laetoli Tanzania 8 
G3 8.0 Laetoli Tanzania 8 
G4 7.9 Laetoli Tanzania 8 
G94 1 4.9 Laetoli Tanzania 8 
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G94 12  4.6 Laetoli Tanzania 8 
GP94 1 6.3 Laetoli Tanzania 8 
GP94 20 6.8 Laetoli Tanzania 8 
P1 2.1 Laetoli Tanzania 8 
P2 2.1 Laetoli Tanzania 8 
WM901 1 4.9 Laetoli Tanzania 8 
WM901 2 4.2 Laetoli Tanzania 8 
WM901 3 3.4 Laetoli Tanzania 8 
WM901 4 1.8 Laetoli Tanzania 8 
WM901 5 2.1 Laetoli Tanzania 8 
WM901 6 2.2 Laetoli Tanzania 8 
WM901 7 2.7 Laetoli Tanzania 8 
WM901 8 3.1 Laetoli Tanzania 8 
WM901 9 3.5 Laetoli Tanzania 8 
WM901 10 4.2 Laetoli Tanzania 8 
EQ14 -2.0 Laetoli Tanzania 8 
EQ15 -1.7 Laetoli Tanzania 8 
R1010-1 4.2 Laetoli Tanzania 8 
R1010-15 4.2 Laetoli Tanzania 8 
R1010-30 4.2 Laetoli Tanzania 8 
113 1.5 Laetoli Tanzania 9 
LL99-120 -1.4 Athi Kenya 10 
LL99-129 4.7 Athi Kenya 10 
LL99-130 4.2 Athi Kenya 10 
LL99-183 4.6 Athi Kenya 10 
LL99-37 2.5 Athi Kenya 10 
LL99-40 -1.6 Athi Kenya 10 
LL99-41 4.6 Athi Kenya 10 
LL99-42 -0.7 Athi Kenya 10 
K01-205-LAI 5.4 Laikipia Kenya 10 
K01-207-LAI 4.1 Laikipia Kenya 10 
K01-208-LAI 4.8 Laikipia Kenya 10 
K01-209-LAI 0.8 Laikipia Kenya 10 
K01-210-LAI 2.8 Laikipia Kenya 10 
K01-212-LAI 4.0 Laikipia Kenya 10 
K01-213-LAI 4.5 Laikipia Kenya 10 
K01-216-LAI 2.0 Laikipia Kenya 10 
K01-LAI-DJA-01 2.9 Laikipia Kenya 10 
K01-LAI-DJA-12 -0.1 Laikipia Kenya 10 
K01-LAI-DJA-02 2.7 Laikipia Kenya 10 
	 380 
K01-LAI-DJA-03 4.0 Laikipia Kenya 10 
K01-LAI-DJA-32 0.8 Laikipia Kenya 10 
K01-LAI-DJA-04 3.5 Laikipia Kenya 10 
K97-383-Lewa 2.3 Laikipia Kenya 10 
K97-391-Lewa 2.2 Laikipia Kenya 10 
K97-397-Lewa 3.2 Laikipia Kenya 10 
K98-Lai-314 0.1 Laikipia Kenya 10 
K98-Lai-314 -0.4 Laikipia Kenya 10 
K98-Lai-320 7.8 Laikipia Kenya 10 
K98-Lai-322 3.3 Laikipia Kenya 10 
K99-117-Lai 5.7 Laikipia Kenya 10 
K00-Nku-236 1.7 Nakuru Kenya 10 
K00-Nku-247 6.1 Nakuru Kenya 10 
K00-Nku-285 4.5 Nakuru Kenya 10 
950OLOR-157 7.0 Olorgesailie Kenya 10 
95-OLOR-222 6.0 Olorgesailie Kenya 10 
K01-145-SAM -0.3 Samburu Kenya 10 
k01-146-sam 5.3 Samburu Kenya 10 
K97-404I-Sam 2.0 Samburu Kenya 10 
K98-Tsv-159 5.1 Tsavo Kenya 10 
K98-Tsv-163 5.4 Tsavo Kenya 10 
K99-141-Tsv 1.9 Tsavo Kenya 10 
ODW 1 2.9 Tsavo Kenya 10 
LL99-111 1.4 Athi Kenya 10 
LL99-117 2.8 Athi Kenya 10 
LL99-118 -1.8 Athi Kenya 10 
LL99-119 3.0 Athi Kenya 10 
LL99-121 -0.2 Athi Kenya 10 
LL99-153 -1.9 Athi Kenya 10 
LL99-159 -2.4 Athi Kenya 10 
LL99-205 1.6 Athi Kenya 10 
LL99-206 -0.1 Athi Kenya 10 
LL99-208 -2.9 Athi Kenya 10 
LL99-209 -1.6 Athi Kenya 10 
LL99-210 3.5 Athi Kenya 10 
LL99-222 3.6 Athi Kenya 10 
LL99-223 2.5 Athi Kenya 10 
LL99-93 1.0 Athi Kenya 10 
LL99-94 -1.1 Athi Kenya 10 
LL99-95 0.9 Athi Kenya 10 
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LL99-96 2.6 Athi Kenya 10 
OM 1254 2.3 Athi Kenya 10 
OM 1264 0.1 Athi Kenya 10 
OM 1298 0.5 Athi Kenya 10 
PM 1309 2.7 Athi Kenya 10 
OM 1313 -0.3 Athi Kenya 10 
OM 1316 2.8 Athi Kenya 10 
K01-217-LAI 3.1 Laikipia Kenya 10 
K01-225-LAI 3.3 Laikipia Kenya 10 
K01-227-LAI 3.7 Laikipia Kenya 10 
K01-228-LAI 3.1 Laikipia Kenya 10 
K01-230-LAI 1.4 Laikipia Kenya 10 
K01-LAI-DJA-13 3.2 Laikipia Kenya 10 
K01-LAI-DJA-16 3.8 Laikipia Kenya 10 
K01-LAI-DJA-19 4.0 Laikipia Kenya 10 
K01-LAI-DJA-30 3.4 Laikipia Kenya 10 
K01-LAI-DJA-06 3.2 Laikipia Kenya 10 
K98-Lai-318 4.2 Laikipia Kenya 10 
K98-Lai-324 11.6 Laikipia Kenya 10 
K98-Lai-325 3.2 Laikipia Kenya 10 
K98-Lai-335 4.8 Laikipia Kenya 10 
K98-Lai-351 5.6 Laikipia Kenya 10 
TPY-K99-4 4.1 Laikipia Kenya 10 
ODW 8 2.7 Tsavo Kenya 10 
G.GAZ. K.F. 8/8/99 10.5 Turkana Kenya 10 
K00-AS-171 3.5 Arabuko-Sokoke Kenya 10 
K00-AS-172 2.9 Arabuko-Sokoke Kenya 10 
K01-193-LAI 0.3 Laikipia Kenya 10 
K01-194-LAI 1.9 Laikipia Kenya 10 
K97-235-Lai 2.8 Laikipia Kenya 10 
K97-389-Lewa -2.6 Laikipia Kenya 10 
K97-389-Lewa -1.8 Laikipia Kenya 10 
K98-Lai-302 3.2 Laikipia Kenya 10 
K98-Lai-303 1.4 Laikipia Kenya 10 
K98-Lai-304 4.5 Laikipia Kenya 10 
K98-Lai-312 3.1 Laikipia Kenya 10 
K98-Lai-337 0.7 Laikipia Kenya 10 
K98-Lai-338 1.3 Laikipia Kenya 10 
K98-Lai-339 1.3 Laikipia Kenya 10 
K99-112-Lai 2.0 Laikipia Kenya 10 
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K99-113-Lai 3.9 Laikipia Kenya 10 
K99-114-Lai 2.3 Laikipia Kenya 10 
K00-Nku-240 2.2 Nakuru Kenya 10 
K00-Nku-241 1.9 Nakuru Kenya 10 
K00-Nku-242 2.3 Nakuru Kenya 10 
K00-Nku-252X 1.5 Nakuru Kenya 10 
K00-Nku-254A 2.7 Nakuru Kenya 10 
K00-Nku-255A 2.9 Nakuru Kenya 10 
K00-Nku-256 2.2 Nakuru Kenya 10 
K00-Nku-258 -0.5 Nakuru Kenya 10 
K00-Nku-262 2.5 Nakuru Kenya 10 
K00-Nku-264 1.3 Nakuru Kenya 10 
K00-Nku-273 0.6 Nakuru Kenya 10 
K00-Nku-280 3.6 Nakuru Kenya 10 
K00-Nku-287 2.4 Nakuru Kenya 10 
NAK 5 1.2 Nakuru Kenya 10 
NAK 5 0.1 Nakuru Kenya 10 
OM 485 0.6 Nakuru Kenya 10 
U98-QEP-214 3.4 QEP Uganda 10 
K97-406-Sam 4.8 Samburu Kenya 10 
K98-Tsv-164 2.7 Tsavo Kenya 10 
K98-Tsv-165 0.7 Tsavo Kenya 10 
K98-Tsv-128 0.8 Tsavo Kenya 10 
K98-Tsv-129 0.8 Tsavo Kenya 10 
K98-Tsv-133 0.9 Tsavo Kenya 10 
K98-Tsv-159 2.6 Tsavo Kenya 10 
K98-Tsv-191 1.9 Tsavo Kenya 10 
K98-Tsv-192 2.1 Tsavo Kenya 10 
K98-Tsv-201 2.1 Tsavo Kenya 10 
K98-Tsv-213 1.5 Tsavo Kenya 10 
K98-Tsv-216 0.6 Tsavo Kenya 10 
K98-Tsv-217 0.6 Tsavo Kenya 10 
K98-Tsv-222 2.3 Tsavo Kenya 10 
K98-Tsv-223 2.6 Tsavo Kenya 10 
K98-Tsv-225 1.5 Tsavo Kenya 10 
K98-Tsv-230 0.5 Tsavo Kenya 10 
K98-Tsv-144 2.1 Tsavo Kenya 10 
K98-Tsv-145 2.4 Tsavo Kenya 10 
K98-Tsv-146 1.3 Tsavo Kenya 10 
K98-Tsv-152 1.9 Tsavo Kenya 10 
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K99-148-Tsv 3.0 Tsavo Kenya 10 
K99-155-Tsv 1.7 Tsavo Kenya 10 
ODW 2 4.0 Tsavo Kenya 10 
OM 5542 0.7 Tsavo Kenya 10 
OM 5543 1.3 Tsavo Kenya 10 
K01-LAI-DJA-20 0.5 Laikipia Kenya 10 
K01-LAI-DJA-07 1.1 Laikipia Kenya 10 
OM 1529 -0.6 Laikipia Kenya 10 
K01-142-SAM 1.7 Samburu Kenya 10 
K00-Tsv-124A 0.5 Tsavo Kenya 10 
K98-Tsv-156 5.1 Tsavo Kenya 10 
K98-Tsv-162 1.5 Tsavo Kenya 10 
ODW 3 2.2 Tsavo Kenya 10 
ODW 9 2.7 Tsavo Kenya 10 
72-KF-K00 7.8 Turkana Kenya 10 
FBTRK-04-02 5.8 Turkana Kenya 10 
OYRX-1K.FORA 7.8 Turkana Kenya 10 
OYRX-1K.FORA 7.9 Turkana Kenya 10 
K01-232-LAI 2.8 Laikipia Kenya 10 
K01-LAI-DJA-14 3.4 Laikipia Kenya 10 
K01-LAI-DJA-24 2.3 Laikipia Kenya 10 
94-OLOR-712 6.9 Olorgesailie Kenya 10 
94-OLOR-750 6.5 Olorgesailie Kenya 10 
95-OLOR-383 6.1 Olorgesailie Kenya 10 
K98-Tsv-150 5.4 Tsavo Kenya 10 
K98-Tsv-151 3.2 Tsavo Kenya 10 
85-KF-K00 7.1 Turkana Kenya 10 
86-KF-K00 11.5 Turkana Kenya 10 
96-KF-K00 6.4 Turkana Kenya 10 
ETK03M-01 7.3 Turkana Kenya 10 
ETK03M-02 5.7 Turkana Kenya 10 
K00-KF-316 6.1 Turkana Kenya 10 
K00-KF-317 7.4 Turkana Kenya 10 
K00-KF-318 6.5 Turkana Kenya 10 
K00-KF-319 8.4 Turkana Kenya 10 
K00-KF-320 4.2 Turkana Kenya 10 
K99-136-Tsv 3.3 Tsavo Kenya 10 
K00-Tsv-111 5.5 Tsavo Kenya 10 
K00-Tsv-112 3.7 Tsavo Kenya 10 
K00-Tsv-114 5.3 Tsavo Kenya 10 
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K00-Tsv-131 3.9 Tsavo Kenya 10 
K00-Tsv-147 3.9 Tsavo Kenya 10 
ODW 6 4.2 Tsavo Kenya 10 
LL99-128 0.5 Athi Kenya 10 
LL99-201X 3.8 Athi Kenya 10 
LL99-95X 1.8 Athi Kenya 10 
LL99-96X 2.0 Athi Kenya 10 
OM 2089 5.5 Athi Kenya 10 
OM 2214 0.5 Athi Kenya 10 
OM 2278 3.4 Athi Kenya 10 
K01-198-LAI 3.3 Laikipia Kenya 10 
K01-199-LAI 4.7 Laikipia Kenya 10 
K01-LAI-DJA-15 3.0 Laikipia Kenya 10 
K97-201-Lai 4.6 Laikipia Kenya 10 
K97-390-Lewa 3.0 Laikipia Kenya 10 
K97-396-Lewa 3.4 Laikipia Kenya 10 
K98-Lai-313 2.2 Laikipia Kenya 10 
K99-119-Lai 4.0 Laikipia Kenya 10 
94-OLOR-253 11.0 Olorgesailie Kenya 10 
OLG04M-26 6.1 Olorgesailie Kenya 10 
04K-SAM-116 3.1 Samburu Kenya 10 
04K-TSV-401 3.2 Tsavo Kenya 10 
04K-TSV-405 2.4 Tsavo Kenya 10 
04K-TSV-410 2.9 Tsavo Kenya 10 
K99-133-TSV -3.1 Tsavo Kenya 10 
K99-133-TSV -2.6 Tsavo Kenya 10 
K00-Tsv-200 -1.8 Tsavo Kenya 10 
K00-AS-165 -1.9 Arabuko-Sokoke Kenya 10 
K00-AS-166 -3.0 Arabuko-Sokoke Kenya 10 
K00-AS-166 -1.5 Arabuko-Sokoke Kenya 10 
K00-AS-167 -3.4 Arabuko-Sokoke Kenya 10 
K00-AS-168 -1.7 Arabuko-Sokoke Kenya 10 
K00-AS-168 -4.5 Arabuko-Sokoke Kenya 10 
K00-AS-169 -3.1 Arabuko-Sokoke Kenya 10 
K00-AS-169 -2.1 Arabuko-Sokoke Kenya 10 
Sokoke-2008 average -3.2 Arabuko-Sokoke Kenya 10 
OM 2054 -1.9 Athi Kenya 10 
OM 2054 -2.8 Athi Kenya 10 
OM 6604 -2.9 Athi Kenya 10 
K00-Nku-233 -0.4 Nakuru Kenya 10 
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K00-Nku-234 0.3 Nakuru Kenya 10 
K99-133-TSV -2.9 Tsavo Kenya 10 
K01-TSW-291 -4.3 Tsavo Kenya 10 
K99-156-Tsv -1.6 Tsavo Kenya 10 
K99-157-Tsv -2.0 Tsavo Kenya 10 
K99-158-Tsv -2.9 Tsavo Kenya 10 
Omo.hipp.1 -2.3 Turkana Kenya 10 
OM 2053 -0.1 Murchison Falls Uganda 10 
QEP TUSK-1 0.0 QEP Uganda 10 
K01-202-LAI -1.4 Laikipia Kenya 10 
K01-203-LAI -0.8 Laikipia Kenya 10 
K01-LAI-191 -2.4 Laikipia Kenya 10 
K01-LAI-202 -2.1 Laikipia Kenya 10 
OM 3312 3.4 Laikipia Kenya 10 
OM 3315 1.5 Laikipia Kenya 10 
OM 3316 1.0 Laikipia Kenya 10 
OLG04M-17 3.8 Olorgesailie Kenya 10 
K01-115-SAM 5.6 Samburu Kenya 10 
ET99-OMO-404 4.3 Turkana Kenya 10 
FBTRK-03-01 3.5 Turkana Kenya 10 
FBTRK-04-01 2.1 Turkana Kenya 10 
K00-KF-322 2.8 Turkana Kenya 10 
OM 2101  -0.8 Athi Kenya 10 
OM 2104 0.0 Athi Kenya 10 
OM 2115 -0.3 Athi Kenya 10 
OM 2115r -0.7 Athi Kenya 10 
OM 2120 -0.7 Athi Kenya 10 
OM 7517 -1.3 Serengeti Kenya 10 
OM 2111 -2.7 Shimba Hills Kenya 10 
K00-Tsv-215 0.3 Tsavo Kenya 10 
K00-Tsv-219 1.7 Tsavo Kenya 10 
K98-Tsv-139 6.0 Tsavo Kenya 10 
K98-Tsv-140 3.5 Tsavo Kenya 10 
K98-Tsv-141 5.9 Tsavo Kenya 10 
K98-Tsv-142 3.8 Tsavo Kenya 10 
K99-139-Tsv 2.9 Tsavo Kenya 10 
AMNMH 27744 0.3 Athi Kenya 10 
AMNMH 27744 0.2 Athi Kenya 10 
AMNMH 27744 -0.4 Athi Kenya 10 
AMNMH 27744 -0.9 Athi Kenya 10 
	 386 
AMNMH 27744 0.1 Athi Kenya 10 
K97-308-Nbi 1.7 Athi Kenya 10 
K97-308-Nbi 6.5 Athi Kenya 10 
OM 2378 -2.6 Athi Kenya 10 
OM 2380 -0.4 Athi Kenya 10 
OM 2391 3.2 Athi Kenya 10 
OM 2392 1.8 Athi Kenya 10 
OM 2394 2.4 Athi Kenya 10 
OM 2398 -0.1 Athi Kenya 10 
OM 2399 1.3 Athi Kenya 10 
OM 2404 1.8 Athi Kenya 10 
OM 2405 0.9 Athi Kenya 10 
OM 2408 1.7 Athi Kenya 10 
OM 2409 2.1 Athi Kenya 10 
OM 2417 0.8 Athi Kenya 10 
OM 2418 0.2 Athi Kenya 10 
OM 2427 2.2 Athi Kenya 10 
OM 2427 2.4 Athi Kenya 10 
OM 2427 2.5 Athi Kenya 10 
OM 2433 1.7 Athi Kenya 10 
OM 2434 2.2 Athi Kenya 10 
OM 2455 1.5 Athi Kenya 10 
OM 2456 1.5 Athi Kenya 10 
OM 2479 1.7 Athi Kenya 10 
K97-233-Lai 3.3 Laikipia Kenya 10 
K97-234-Lai 4.0 Laikipia Kenya 10 
K97-382-Lewa 5.3 Laikipia Kenya 10 
K97-382-Lewa 1.5 Laikipia Kenya 10 
K97-384-Lewa 2.0 Laikipia Kenya 10 
K97-387-Lewa 3.9 Laikipia Kenya 10 
K97-388-Lewa 3.6 Laikipia Kenya 10 
K98-Lai-305 1.2 Laikipia Kenya 10 
K98-Lai-311 -0.6 Laikipia Kenya 10 
K98-Lai-315 1.7 Laikipia Kenya 10 
K98-Lai-321 0.6 Laikipia Kenya 10 
K98-Lai-326 3.3 Laikipia Kenya 10 
K98-Lai-328 2.2 Laikipia Kenya 10 
K98-Lai-331 1.1 Laikipia Kenya 10 
K99-127-Lai 4.1 Laikipia Kenya 10 
TPY-K99-3 2.1 Laikipia Kenya 10 
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K00-Nku-250 2.4 Nakuru Kenya 10 
NAK 6 3.6 Nakuru Kenya 10 
NAK 7 3.4 Nakuru Kenya 10 
NAK 7 3.5 Nakuru Kenya 10 
NAK 7 4.1 Nakuru Kenya 10 
OM 7126 1.6 Samburu Kenya 10 
OM 7127 1.6 Samburu Kenya 10 
K00-Tsv-115 2.5 Tsavo Kenya 10 
K00-Tsv-116 1.7 Tsavo Kenya 10 
K00-Tsv-132 3.9 Tsavo Kenya 10 
K00-Tsv-134 3.5 Tsavo Kenya 10 
K00-Tsv-160 3.4 Tsavo Kenya 10 
K00-Tsv-162 3.3 Tsavo Kenya 10 
ODW 5 2.8 Tsavo Kenya 10 
OM 2180 0.9 Athi Kenya 10 
K98-Lai-352 2.9 Laikipia Kenya 10 
K00-Tsv-135 2.5 Tsavo Kenya 10 
K00-Tsv-136 2.8 Tsavo Kenya 10 
K00-Tsv-137 0.0 Tsavo Kenya 10 
K00-Tsv-138 0.2 Tsavo Kenya 10 
K00-Tsv-139 0.1 Tsavo Kenya 10 
K00-Tsv-140 -0.5 Tsavo Kenya 10 
K00-Tsv-141 1.0 Tsavo Kenya 10 
K00-Tsv-142 -2.0 Tsavo Kenya 10 
K00-Tsv-144 -1.1 Tsavo Kenya 10 
K00-Tsv-145 0.7 Tsavo Kenya 10 
K00-Tsv-146 1.5 Tsavo Kenya 10 
K98-Tsv-128 -0.4 Tsavo Kenya 10 
K98-Tsv-129 2.8 Tsavo Kenya 10 
K98-Tsv-130 -0.6 Tsavo Kenya 10 
K98-Tsv-131 -0.5 Tsavo Kenya 10 
K98-Tsv-132 1.5 Tsavo Kenya 10 
K98-Tsv-133 3.1 Tsavo Kenya 10 
K98-Tsv-134 0.7 Tsavo Kenya 10 
K99-137-Tsv -0.6 Tsavo Kenya 10 
K99-138-Tsv 0.3 Tsavo Kenya 10 
ODW 4 1.6 Tsavo Kenya 10 
OM 5482 1.6 Tsavo Kenya 10 
OM 5482 1.6 Tsavo Kenya 10 
MGL-25 -1.5 Amboseli Kenya 10 
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MGL-25B -1.0 Amboseli Kenya 10 
K98-Lai-307 0.9 Laikipia Kenya 10 
K99-123-Lai 1.9 Laikipia Kenya 10 
MGL-14 1.1 Laikipia Kenya 10 
MGL-15 0.8 Laikipia Kenya 10 
MGL-16 2.6 Laikipia Kenya 10 
MGL-44 0.3 Laikipia Kenya 10 
MGL-45 1.1 Laikipia Kenya 10 
MGL-46 1.9 Laikipia Kenya 10 
MGL-47 2.0 Laikipia Kenya 10 
MGL-06 -0.8 Laikipia Kenya 10 
TPY-K99-1 1.0 Laikipia Kenya 10 
MGL-12 -0.2 Marsabit Kenya 10 
MGL-13 -1.5 Marsabit Kenya 10 
MGL-13A 0.8 Marsabit Kenya 10 
MGL-03 -0.8 Marsabit Kenya 10 
MGL-08 -1.6 Serengeti Kenya 10 
MGL-17 0.4 Meru Kenya 10 
MGL-18 -0.2 Meru Kenya 10 
MGL-19 0.7 Meru Kenya 10 
MGL-20 -0.4 Meru Kenya 10 
MGL-21 0.2 Meru Kenya 10 
MGL-22 -0.4 Meru Kenya 10 
MGL-24 0.5 Meru Kenya 10 
MGL-41 -0.4 Meru Kenya 10 
MGL-42 0.9 Meru Kenya 10 
K01-117-SAM 0.8 Samburu Kenya 10 
K01-121-SAM 0.8 Samburu Kenya 10 
K01-122-SAM 1.9 Samburu Kenya 10 
K01-124-SAM 2.0 Samburu Kenya 10 
K01-125-SAM 0.0 Samburu Kenya 10 
K01-126-SAM 0.3 Samburu Kenya 10 
K01-127-SAM -0.3 Samburu Kenya 10 
K01-128-SAM 1.4 Samburu Kenya 10 
K01-130-SAM 2.2 Samburu Kenya 10 
K01-143-SAM 1.0 Samburu Kenya 10 
K01-144-SAM 1.4 Samburu Kenya 10 
K97-404E-Sam-Lox 0.7 Samburu Kenya 10 
K97-404E-Sam-Lox 3.5 Samburu Kenya 10 
K97-404E-Sam-Lox 1.1 Samburu Kenya 10 
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K97-404E-Sam-Lox 1.0 Samburu Kenya 10 
MGL-01 0.1 Samburu Kenya 10 
MGL-1A 1.7 Samburu Kenya 10 
MGL-04 0.7 Samburu Kenya 10 
MGL-10 -1.5 Shimba Hills Kenya 10 
K00-Tsv-163 0.9 Tsavo Kenya 10 
K98-Tsv-109 -0.3 Tsavo Kenya 10 
K98-Tsv-110 0.7 Tsavo Kenya 10 
K00-Tsv-111 0.7 Tsavo Kenya 10 
K98-Tsv-112 0.0 Tsavo Kenya 10 
K98-Tsv-113 0.2 Tsavo Kenya 10 
K98-Tsv-114 -0.4 Tsavo Kenya 10 
K98-Tsv-115 0.3 Tsavo Kenya 10 
K98-Tsv-116 0.1 Tsavo Kenya 10 
K98-Tsv-117 0.0 Tsavo Kenya 10 
K98-Tsv-118 0.8 Tsavo Kenya 10 
K00-Tsv-119 1.9 Tsavo Kenya 10 
K98-Tsv-120 0.0 Tsavo Kenya 10 
K98-Tsv-121 0.3 Tsavo Kenya 10 
K98-Tsv-122 -0.4 Tsavo Kenya 10 
K98-Tsv-123 0.8 Tsavo Kenya 10 
K98-Tsv-124 0.6 Tsavo Kenya 10 
K98-Tsv-125 0.1 Tsavo Kenya 10 
K98-Tsv-126 -0.3 Tsavo Kenya 10 
K98-Tsv-127 1.0 Tsavo Kenya 10 
K99-134-Tsv 1.3 Tsavo Kenya 10 
K99-135-Tsv 0.8 Tsavo Kenya 10 
K99-146-Tsv -0.3 Tsavo Kenya 10 
K99-154-Tsv 0.9 Tsavo Kenya 10 
MGL-26 0.3 Tsavo Kenya 10 
MGL-27 1.4 Tsavo Kenya 10 
MGL-28 0.0 Tsavo Kenya 10 
MGL-30 0.9 Tsavo Kenya 10 
MGL-31 1.5 Tsavo Kenya 10 
MGL-33 1.6 Tsavo Kenya 10 
MGL-34 0.5 Tsavo Kenya 10 
MGL-35 0.9 Tsavo Kenya 10 
MGL-36 0.5 Tsavo Kenya 10 
KE511/9728 1.7 Turkana Kenya 10 
ET05-AWSH-34 3.1 Awash NP Ethiopia 11 
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ET05-AWSH-35 6.5 Awash NP Ethiopia 11 
ET05-MAGO-09 6.9 Mago NP Ethiopia 11 
ET05-MAGO-18 5.0 Mago NP Ethiopia 11 
ET05-NCHSR-27 4.1 Nechisar NP Ethiopia 11 
ET05-NCHSR-25 3.4 Nechisar NP Ethiopia 11 
ET05-NCHSR-26 6.8 Nechisar NP Ethiopia 11 
ET05-AWSH-05 2.9 Awash NP Ethiopia 11 
ET05-SMN-10 0.1 Simien Ethiopia 11 
ET05-MAGO-22 6.4 Mago NP Ethiopia 11 
ET05-MAGO-15 4.0 Mago NP Ethiopia 11 
ET05-MAGO-16 4.5 Mago NP Ethiopia 11 
ET05-MAGO-24 5.3 Mago NP Ethiopia 11 
ET05-MAGO-21 0.2 Mago NP Ethiopia 11 
ET05-NCHSR-29 5.6 Nechisar NP Ethiopia 11 
ET05-NCHSR-28 0.9 Nechisar NP Ethiopia 11 
ET05-SMN-13 -2.7 Simien  Ethiopia 11 
ET05-BM-32 -3.8 Bale Ethiopia 11 
ET05-BM-11 -0.3 Bale Ethiopia 11 
ET05-SMN-03 2.5 Simien Ethiopia 11 
ET05-AWSH-09 3.2 Awash NP Ethiopia 11 
ET05-AWSH-08 5.5 Awash NP Ethiopia 11 
ET05-AWSH-09 4.8 Awash NP Ethiopia 11 
ET05-AWSH-09 3.4 Awash NP Ethiopia 11 
ET05-AWSH-09 3.5 Awash NP Ethiopia 11 
ET05-AWSH-37 3.9 Awash NP Ethiopia 11 
ET05-AWSH-04 3.6 Awash NP Ethiopia 11 
ET05-MAGO-13 3.5 Mago NP Ethiopia 11 
ET05-AWSH-39 6.9 Awash NP Ethiopia 11 
ET05-AWSH-38 2.0 Awash NP Ethiopia 11 
ET05-MAGO-12 0.6 Mago NP Ethiopia 11 
ET05-MAGO-14 5.1 Mago NP Ethiopia 11 
ET05-MAGO-20 3.6 Mago NP Ethiopia 11 
ET05-MAGO-25 3.7 Mago NP Ethiopia 11 
ET05-MAGO-23 4.2 Mago NP Ethiopia 11 
ET05-BM-28 -1.2 Bale Ethiopia 11 
ET05-MN-05 -3.0 Bale Ethiopia 11 
ET05-MN-05 -3.0 Bale Ethiopia 11 
ET05-MN-13 -2.7 Bale Ethiopia 11 
ET05-MN-13 -2.7 Bale Ethiopia 11 
ET05-MN-18 -2.2 Bale Ethiopia 11 
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ET05-MN-18 -2.2 Bale Ethiopia 11 
ET05-MN-16 -1.4 Bale Ethiopia 11 
ET05-MN-16 -1.4 Bale Ethiopia 11 
ET05-BALE-05 -1.1 Bale Ethiopia 11 
ET05-NCHSR-24 -0.6 Nechisar NP Ethiopia 11 
ET05-NCHSR-16 4.8 Nechisar NP Ethiopia 11 
ET05-SMN-31 3.4 Simien Ethiopia 11 
ET05-SMN-09 4.6 Simien Ethiopia 11 
ET05-MAGO-11 4.2 Mago NP Ethiopia 11 
ET05-NCHSR-32 5.7 Nechisar NP Ethiopia 11 
ET05-NCHSR-30 4.8 Nechisar NP Ethiopia 11 
ET05-MAGO-03 6.7 Mago NP Ethiopia 11 
ET05-AWSH-29 0.3 Awash NP Ethiopia 11 
ET05-AWSH-28 0.9 Awash NP Ethiopia 11 
ET05-AWSH-27 -0.2 Awash NP Ethiopia 11 
ET05-AWSH-28 -0.5 Awash NP Ethiopia 11 
ET05-AWSH-29 0.7 Awash NP Ethiopia 11 
ET05-NCHSR-04 2.4 Nechisar NP Ethiopia 11 
ET05-NCHSR-05 2.3 Nechisar NP Ethiopia 11 
ET05-NCHSR-01 3.3 Nechisar NP Ethiopia 11 
ET05-NCHSR-06 2.3 Nechisar NP Ethiopia 11 
ET05-NCHSR-07 1.6 Nechisar NP Ethiopia 11 
ET05-NCHSR-03 3.3 Nechisar NP Ethiopia 11 
ET05-NCHSR-02 3.4 Nechisar NP Ethiopia 11 
ET05-AWSH-40 4.0 Awash NP Ethiopia 11 
ET05-AWSH-36 3.5 Awash NP Ethiopia 11 
ET05-AWSH-16 1.9 Awash NP Ethiopia 11 
ET05-AWSH-16 2.1 Awash NP Ethiopia 11 
ET05-BALE-16 -1.0 Bale Ethiopia 11 
ET05-BALE-06 -0.9 Bale Ethiopia 11 
ET05-BM-105 -0.9 Bale Ethiopia 11 
ET05-BALE-07 -0.4 Bale Ethiopia 11 
GON04M-28 -0.2 Bale Ethiopia 11 
ET05-MAGO-28 1.6 Mago NP Ethiopia 11 
ET05-MAGO-06 2.9 Mago NP Ethiopia 11 
ET05-NCHSR-15 2.6 Nechisar NP Ethiopia 11 
ET05-NCHSR-13 -1.6 Nechisar NP Ethiopia 11 
ET05-NCHSR-15 2.3 Nechisar NP Ethiopia 11 
ET05-SMN-18 0.2 Simien Ethiopia 11 
ET05-NCHSR-23 3.8 Nechisar NP Ethiopia 11 
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ET05-NCHSR-22 6.3 Nechisar NP Ethiopia 11 
ET05-NCHSR-19 5.9 Nechisar NP Ethiopia 11 
ET05-NCHSR-18 5.4 Nechisar NP Ethiopia 11 
ET05-NCHSR-21 6.3 Nechisar NP Ethiopia 11 
ET05-NCHSR-18 6.6 Nechisar NP Ethiopia 11 
ET05-NCHSR-17 6.1 Nechisar NP Ethiopia 11 
ET05-NCHSR-22 4.7 Nechisar NP Ethiopia 11 
ET05-NCHSR-19 5.7 Nechisar NP Ethiopia 11 
ET05-NCHSR-20 6.1 Nechisar NP Ethiopia 11 
ET05-NCHSR-17 5.8 Nechisar NP Ethiopia 11 
ET05-NCHSR-22 5.2 Nechisar NP Ethiopia 11 
ET05-NCHSR-18 6.0 Nechisar NP Ethiopia 11 
ET05-NCHSR-20 7.1 Nechisar NP Ethiopia 11 
ET05-NCHSR-21 5.1 Nechisar NP Ethiopia 11 
ET05-AWSH-32 8.0 Awash NP Ethiopia 11 
ET05-AWSH-30 9.0 Awash NP Ethiopia 11 
ET05-AWSH-31 6.9 Awash NP Ethiopia 11 
ET05-MAGO-10 2.0 Mago NP Ethiopia 11 
ET05-MAGO-17 -0.7 Mago NP Ethiopia 11 
ET05-MAGO-19 2.6 Mago NP Ethiopia 11 
 -2.5 La Lopé Gabon 12 
 -3.2 La Lopé Gabon 12 
 -5.2 La Lopé Gabon 12 
 -5.4 La Lopé Gabon 12 
 -5.1 La Lopé Gabon 12 
 -4.4 La Lopé Gabon 12 
 -4.1 La Lopé Gabon 12 
 -4.2 La Lopé Gabon 12 
 -6.7 La Lopé Gabon 12 
 -5.2 La Lopé Gabon 12 
 -5.3 La Lopé Gabon 12 
 -5.6 La Lopé Gabon 12 
 -4.6 La Lopé Gabon 12 
 -5.3 La Lopé Gabon 12 
 -6.9 La Lopé Gabon 12 
 -6.5 La Lopé Gabon 12 
 -6.3 La Lopé Gabon 12 
 -6.9 La Lopé Gabon 12 
 -6.2 La Lopé Gabon 12 
 -7.7 La Lopé Gabon 12 
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 -7.1 La Lopé Gabon 12 
 -5.4 La Lopé Gabon 12 
 -3.3 La Lopé Gabon 12 
 -4.1 La Lopé Gabon 12 
 -2.7 La Lopé Gabon 12 
 -3.1 La Lopé Gabon 12 
 -4.7 La Lopé Gabon 12 
 -3.7 La Lopé Gabon 12 
KFBk31 -0.9 Kibale Uganda 13 
KFBsvn1 -1.4 Kibale Uganda 13 
KFBsvn5 -2.1 Kibale Uganda 13 
KFBsvn2 -1.6 Kibale Uganda 13 
KFB83 -1.9 Kibale Uganda 13 
KFB74 -0.8 Kibale Uganda 13 
KFB73 4.0 Kibale Uganda 13 
KFB78 -2.4 Kibale Uganda 13 
KFB76 0.9 Kibale Uganda 13 
KFB75 -2.8 Kibale Uganda 13 
KFBsvn4 -2.5 Kibale Uganda 13 
KFB165 -3.5 Kibale Uganda 13 
KFB77 -2.7 Kibale Uganda 13 
KFB154 -3.1 Kibale Uganda 13 
 7.9 Turkana Kenya 14 
 9.5 Turkana Kenya 14 
 10.3 Turkana Kenya 14 
 3.2 Turkana Kenya 14 
SB-U-13E-102 3.10 Kidepo Uganda 15 
LL99-178 3.6 Athi Kenya 15 
K99-120-Lai 6.5 Laikipia Kenya 15 
SBU-13E-31 -2.5 Lake Mburo Uganda 15 
OM 4133 0.9 Athi Kenya 15 
OM 4135 1.3 Athi Kenya 15 
OM 119 1.3 Athi Kenya 15 
OM 4136 2.6 Athi Kenya 15 
OM 117 2.8 Athi Kenya 15 
K97-264A-Nbi 1.7 Athi Kenya 15 
K01-LAI-DJA-43 0.3 Laikipia Kenya 15 
K01-LAI-DJA-45 1.3 Laikipia Kenya 15 
K01-LAI-DJA-44 1.5 Laikipia Kenya 15 
K98-Lai-317-M2 2.3 Laikipia Kenya 15 
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K01-LAI-DJA-47 2.5 Laikipia Kenya 15 
K98-Lai-317-M3 2.8 Laikipia Kenya 15 
K01-LAI-DJA-48 3.3 Laikipia Kenya 15 
K98-TPY-500 3.5 Laikipia Kenya 15 
K01-LAI-DJA-46 3.9 Laikipia Kenya 15 
K97-232-Lai 5.4 Laikipia Kenya 15 
K99-147-Tsv 3.7 Tsavo Kenya 15 
SBU-13E-131 -1.1 Kidepo Uganda 15 
SBU-13E-111 0.2 Kidepo Uganda 15 
SBU-13E-97 1.6 Kidepo Uganda 15 
SBU-13E-99 0.2 Kidepo Uganda 15 
SBU-13E-98 1.0 Kidepo Uganda 15 
LL99-98 -3.0 Athi Kenya 15 
LL99-54 -0.9 Athi Kenya 15 
LL99-116 0.0 Athi Kenya 15 
LL99-60 0.2 Athi Kenya 15 
LL99-113 0.2 Athi Kenya 15 
LL99-126 0.8 Athi Kenya 15 
LL99-53 1.2 Athi Kenya 15 
LL99-115 1.3 Athi Kenya 15 
LL99-46 1.4 Athi Kenya 15 
LL99-58 1.6 Athi Kenya 15 
LL99-125 2.0 Athi Kenya 15 
LL99-52 2.5 Athi Kenya 15 
LL99-110 2.9 Athi Kenya 15 
LL99-36 3.1 Athi Kenya 15 
LL99-47 4.2 Athi Kenya 15 
LL99-112 4.6 Athi Kenya 15 
K97-309-Nbi 0.2 Athi Kenya 15 
K97-264B-Nbi 0.6 Athi Kenya 15 
K01-LAI-DJA-36 2.9 Laikipia Kenya 15 
K97-262-TR -0.3 Tana River Delta Kenya 15 
K97-262A-NF 2.3 Tana River Delta Kenya 15 
K98-Tsv-166 3.7 Tsavo Kenya 15 
OM 57 0.9 Athi Kenya 15 
OM 44 1.6 Athi Kenya 15 
OM 42 2.9 Athi Kenya 15 
OM 58 3.2 Athi Kenya 15 
OM 47 5.2 Athi Kenya 15 
LL99-61 -2.3 Athi Kenya 15 
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LL99-49 -2.0 Athi Kenya 15 
LL99-99 -1.7 Athi Kenya 15 
LL99-100 -1.3 Athi Kenya 15 
LL99-63 -0.8 Athi Kenya 15 
LL99-97 -0.7 Athi Kenya 15 
LL99-50 -0.4 Athi Kenya 15 
LL99-48 -0.3 Athi Kenya 15 
LL99-101 -0.1 Athi Kenya 15 
LL99-109 0.0 Athi Kenya 15 
LL99-51 0.5 Athi Kenya 15 
LL99-56 0.6 Athi Kenya 15 
LL99-107 0.8 Athi Kenya 15 
LL99-87 1.1 Athi Kenya 15 
LL99-103 1.6 Athi Kenya 15 
LL99-106 1.7 Athi Kenya 15 
LL99-57 2.0 Athi Kenya 15 
LL99-45 2.2 Athi Kenya 15 
LL99-69 2.3 Athi Kenya 15 
LL99-114 2.5 Athi Kenya 15 
LL99-108 3.8 Athi Kenya 15 
K97 305 Nbi (top lm3) -0.2 Athi Kenya 15 
K97-283-Nbi lM3 -0.1 Athi Kenya 15 
K97-311-Nbi 0.0 Athi Kenya 15 
K97-283-Nbi rM3 0.3 Athi Kenya 15 
K97-310-Nbi 0.6 Athi Kenya 15 
K97-311-Nbi 1.6 Athi Kenya 15 
K97-263A-Nbi 1.7 Athi Kenya 15 
K97-263B-Nbi 2.0 Athi Kenya 15 
K97 305 Nbi (bot m3) 2.1 Athi Kenya 15 
K97-310-Nbi-m3 2.3 Athi Kenya 15 
K97-305-Nbi 2.4 Athi Kenya 15 
K97-305-Nbi (lm2) 3.1 Athi Kenya 15 
OM 1128 0.5 Serengeti Kenya 15 
OM 4997 1.5 Tana River/Garissa Kenya 15 
OM 5001 3.4 Tana River/Garissa Kenya 15 
OM 5017 3.7 Tana River/Garissa Kenya 15 
OM 573 1.8 Tana River Delta Kenya 15 
K01-LAI-DJA-18 -0.3 Laikipia Kenya 15 
K01-LAI-229 2.0 Laikipia Kenya 15 
K01-LAI-DJA-35 2.5 Laikipia Kenya 15 
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K01-LAI-DJA-5 3.0 Laikipia Kenya 15 
LL99, #137 0.1 Athi Kenya 15 
LL99, #151 2.1 Athi Kenya 15 
LL99, #136 2.5 Athi Kenya 15 
LL99, #166 2.6 Athi Kenya 15 
LL99, # 140 rpt 3.4 Athi Kenya 15 
LL99-44 3.6 Athi Kenya 15 
LL99, #150 3.7 Athi Kenya 15 
LL99, #135 4.4 Athi Kenya 15 
LL99-43 4.6 Athi Kenya 15 
OM 174 3.1 Laikipia Kenya 15 
K98-Lai-342 10.9 Laikipia Kenya 15 
OM 163 6.4 Laikipia Kenya 15 
OM 173 6.6 Laikipia Kenya 15 
OM 1387 7.4 Serengeti Kenya 15 
AMNH 187829 2.3 Tana River/Garissa Kenya 15 
K01-231-LAI 4.2 Laikipia Kenya 15 
K97-227-Ab -1.2 Abardares Kenya 15 
K97-228-Ab -1.0 Abardares Kenya 15 
K97-209-Ab -0.2 Abardares Kenya 15 
K97-203-Ab 3.4 Abardares Kenya 15 
K00-AB-305 -1.2 Aberdares Kenya 15 
K00-AB-310 0.5 Aberdares Kenya 15 
K00-AB-307 1.4 Aberdares Kenya 15 
K00-AB-308 1.9 Aberdares Kenya 15 
K97-327-AB 8.4 Aberdares Kenya 15 
GNP-buffalo 3.9 Garamba DRC 15 
K97-385-Lewa -0.8 Laikipia Kenya 15 
K97-394-Lewa -0.7 Laikipia Kenya 15 
ICCN-PNVL-010 0.5 Lulimbe DRC 15 
ICCN-PNVL-010 2.2 Lulimbe DRC 15 
ICCN-PNVL-019 5.6 Lulimbe DRC 15 
k97-258-mtk -2.9 Mt Kenya Kenya 15 
K97-259-MtK -0.6 Mt Kenya Kenya 15 
K11-SAM-256-m3 2.3 Samburu Kenya 15 
K11-SAM-252-m3 -0.3 Samburu Kenya 15 
ODW 2 M3 4.0 Tsavo Kenya 15 
SBU-13E-62 -1.4 Lake Mburo Uganda 15 
SBU-13E-33 -1.3 Lake Mburo Uganda 15 
SBU-13E-101 2.8 Kidepo Uganda 15 
	 397 
SBU-13E-121 -0.3 Kidepo Uganda 15 
SBU-13E-42 0.9 Kibale Uganda 15 
SBU-13E-100 1.7 Kidepo Uganda 15 
SBU-13E-85 -0.3 Queen Elizabeth Uganda 15 
SBU-13E-86 0.8 Queen Elizabeth Uganda 15 
SBU-13E-87 -0.3 Queen Elizabeth Uganda 15 
SBU-13E-37 -2.8 Kibale Uganda 15 
L4590  -1.0 Kahuzi-Biega DRC 15 
L14563  -4.8 Kahuzi-Biega DRC 15 
ICCN-KB-085 -5.0 Kahuzi-Biega DRC 15 
ICCN-KB-068 -4.9 Kahuzi-Biega DRC 15 
ICCN-KB-069 -4.4 Kahuzi-Biega DRC 15 
ICCN-KB-067 -3.3 Kahuzi-Biega DRC 15 
ICCN-KB-094 -3.2 Kahuzi-Biega DRC 15 
SBU-13E-56 -3.9 Kibale Uganda 15 
SBU-13E-58 -3.5 Kibale Uganda 15 
OM 1410 2.2 Shimba Hills Kenya 15 
AMNH 187813 2.0 Tana River/Garissa Kenya 15 
OM 2234 -0.1 Turkana Kenya 15 
GNP-wbuck 3.3 Garamba DRC 15 
K97-393-Lewa 1.2 Laikipia Kenya 15 
K97-393-Lewa 3.2 Laikipia Kenya 15 
K99-121-Lai 3.5 Laikipia Kenya 15 
K01-235-LAI 4.4 Laikipia Kenya 15 
ICCN-PNVL-007 4.3 Lulimbe DRC 15 
K00-Nku-244 1.6 Nakuru Kenya 15 
K00-Nku-268 2.0 Nakuru Kenya 15 
K00-Nku-246-M3 2.1 Nakuru Kenya 15 
K00-Nku-248 2.4 Nakuru Kenya 15 
K00-Nku-253X-M2 2.7 Nakuru Kenya 15 
K00-Nku-249-M3 2.8 Nakuru Kenya 15 
K00-NKU-255X 2.9 Nakuru Kenya 15 
K00-Nku-237 m3 3.3 Nakuru Kenya 15 
K00-Nku-235 3.4 Nakuru Kenya 15 
K00-Nku-279 4.4 Nakuru Kenya 15 
K97-265B-Nak -0.1 Nakuru Kenya 15 
K97-265A-Nak 1.7 Nakuru Kenya 15 
NAK 3 2.6 Nakuru Kenya 15 
NAK 4 3.5 Nakuru Kenya 15 
K00-Tsv-130 1.4 Tsavo Kenya 15 
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K00-Tsv-117 2.4 Tsavo Kenya 15 
K00-Tsv-122 2.4 Tsavo Kenya 15 
K00-Tsv-123 2.6 Tsavo Kenya 15 
K98-Tsv-161 2.7 Tsavo Kenya 15 
K00-Tsv-127 2.8 Tsavo Kenya 15 
K00-Tsv-125 2.9 Tsavo Kenya 15 
K98-Tsv-158 4.5 Tsavo Kenya 15 
K99-143-TSV 1.7 Tsavo Kenya 15 
K00-Tsv-228 1.3 Tsavo Kenya 15 
K00-Tsv-218 1.9 Tsavo Kenya 15 
K00-Tsv-221 2.0 Tsavo Kenya 15 
SBU-13E-66 0.9 Lake Mburo Uganda 15 
SBU-13E-107 1.9 Kidepo Uganda 15 
SBU-13E-109 2.6 Kidepo Uganda 15 
SBU-13E-96 0.1 Kidepo Uganda 15 
GNP-kob 1 6.9 Garamba DRC 15 
GNP-kob 2 8.0 Garamba DRC 15 
ICCN-PNVN-014 5.1 Ishango DRC 15 
U98-QEP-215 3.7 QEP Uganda 15 
U98-QEP-217 4.6 QEP Uganda 15 
U98-QEP-220 5.5 QEP Uganda 15 
SBU-13E-46 0.7 Kibale Uganda 15 
SBU-13E-84 -1.6 Queen Elizabeth Uganda 15 
SBU-13E-83 0.6 Queen Elizabeth Uganda 15 
AMNH 179177 1.0 Samburu Kenya 15 
OM 1504 2.8 Aberdares Kenya 15 
OM 1510 3.3 Aberdares Kenya 15 
OM 1516 0.5 Athi Kenya 15 
OM 1518 0.7 Athi Kenya 15 
OM 1519 1.3 Athi Kenya 15 
OM 899 0.1 Nakuru Kenya 15 
OM 899 1.5 Nakuru Kenya 15 
SBU-13E-112 -2.6 Kidepo Uganda 15 
SBU-13E-113 0.1 Kidepo Uganda 15 
SBU-13E-115 1.2 Kidepo Uganda 15 
OM 1628 -2.6 Aberdares Kenya 15 
OM 1610 -0.2 Aberdares Kenya 15 
OM 5219 1.2 Athi Kenya 15 
OM 5298 1.7 Athi Kenya 15 
OM 5249 2.9 Athi Kenya 15 
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OM 5299 3.4 Athi Kenya 15 
OM 5213 4.9 Athi Kenya 15 
OM 5221 5.3 Athi Kenya 15 
K01-223-LAI 2.6 Laikipia Kenya 15 
K98-Lai-323 3.1 Laikipia Kenya 15 
K01-224-LAI 3.7 Laikipia Kenya 15 
K99-118-Lai 3.8 Laikipia Kenya 15 
K98-Lai-309 3.9 Laikipia Kenya 15 
K01-221-LAI 5.1 Laikipia Kenya 15 
K97-392-Lewa 2.3 Laikipia Kenya 15 
K01-LAI-222 3.9 Laikipia Kenya 15 
K01-LAI-226 4.3 Laikipia Kenya 15 
ODW 7 3.4 Tsavo Kenya 15 
K00-Tsv-121 3.4 Tsavo Kenya 15 
K00-Tsv-124 X 3.4 Tsavo Kenya 15 
SBU-13E-30 0.7 Lake Mburo Uganda 15 
SBU-13E-94 2.4 Kidepo Uganda 15 
K00-Tsv-126 5.1 Tsavo Kenya 15 
K00-Tsv-232 1.6 Tsavo Kenya 15 
OM 930 -0.4 Athi Kenya 15 
OM 1738 0.2 Athi Kenya 15 
K01-LAI-DJA-28 2.7 Laikipia Kenya 15 
SBU-13E-114 2.5 Kidepo Uganda 15 
GNP-sitatunga 0.8 Garamba DRC 15 
SBU-13E-19 -2.5 Kibale Uganda 15 
K01-LAI-DJA-34 3.6 Laikipia Kenya 15 
OM 7764 4.5 Samburu Kenya 15 
K99-140-Tsv 2.5 Tsavo Kenya 15 
K00-Tsv-231 3.4 Tsavo Kenya 15 
GNP-giraffe 1 4.1 Garamba DRC 15 
GNP-giraffe 2 5.2 Garamba DRC 15 
K01-LAI-DJA-49 3.8 Laikipia Kenya 15 
AMNH 27753 0.6 Serengeti Kenya 15 
AMNH 27752 1.4 Nakuru Kenya 15 
AMNH 82003 1.9 Samburu Kenya 15 
AMNH 82001 2.0 Samburu Kenya 15 
AMNH 82002 3.8 Samburu Kenya 15 
K11-SAM-251-m2 5.5 Samburu Kenya 15 
K11-SAM-251-m3 5.5 Samburu Kenya 15 
K11-SAM-255-m3 4.5 Samburu Kenya 15 
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SBU-13E-124 4.1 Kidepo Uganda 15 
SBU-13E-125 1.2 Kidepo Uganda 15 
SBU-13E-90 1.1 Kidepo Uganda 15 
SBU-13E-103 1.0 Kidepo Uganda 15 
OM 2218 -0.2 Ituri DRC 15 
KWS12-Mgate -2.6 Aberdares Kenya 15 
Olobosat average -2.3 Aberdares Kenya 15 
Amboseli-SAA-2009 average -5.2 Amboseli Kenya 15 
Amboseli-H1 average -5.7 Amboseli Kenya 15 
AMNH 53772 -3.3 Garamba DRC 15 
AMNH 53773 -2.7 Garamba DRC 15 
AMNH 53769 -3.5 Ituri DRC 15 
Kisumu average -3.9 Kisumu Kenya 15 
Mara average -4.1 Serengeti Kenya 15 
Meru average -4.7 Meru Kenya 15 
Minjila average -2.2 Tana River Delta Kenya 15 
Mpeketoni average -1.4 Tana River Delta Kenya 15 
Naivasha - H average -3.7 Naivasha Kenya 15 
Nakuru-Kabutini average -1.2 Nakuru Kenya 15 
U09-KL average -1.9 QEP Uganda 15 
U70-KL average 0.0 QEP Uganda 15 
KWS12-BuffSpr -3.5 Samburu Kenya 15 
Adhi_Dam_SAA_2009 -1.8 Tana River Delta Kenya 15 
Witu average -2.5 Tana River Delta Kenya 15 
K09-Mzima average -4.4 Tsavo Kenya 15 
Chuyulu average -3.7 Tsavo Kenya 15 
SBU-13E-34 -3.5 Lake Mburo Uganda 15 
SBU-13E-73 -0.8 Queen Elizabeth Uganda 15 
SBU-13E-77 -3.1 Queen Elizabeth Uganda 15 
SBU-13E-72 -0.6 Queen Elizabeth Uganda 15 
SBU-13E-74 -2.4 Queen Elizabeth Uganda 15 
SBU-13E-75 -3.0 Queen Elizabeth Uganda 15 
SBU-13E-76 -2.3 Queen Elizabeth Uganda 15 
SBU-13E-35 -0.9 Lake Mburo Uganda 15 
SBU-13E-36 -1.3 Lake Mburo Uganda 15 
K97-205-Ab 1.2 Abardares Kenya 15 
OM 2143 -0.6 Aberdares Kenya 15 
OM 2143 1.6 Aberdares Kenya 15 
L5527  -4.9 Kahuzi-Biega DRC 15 
L5527  -4.6 Kahuzi-Biega DRC 15 
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L5527  -2.2 Kahuzi-Biega DRC 15 
ICCN-KB-153 -3.7 Kahuzi-Biega DRC 15 
SBU-13E-65 -1.6 Kibale  Uganda 15 
AMNH 54183 -0.5 Athi Kenya 15 
K08-TSV-215 average 1.4 Tsavo Kenya 15 
SBU-13E-130 0.0 Kidepo Uganda 15 
SBU-13E-45 0.6 Kibale Uganda 15 
SBU-13E-28 -0.8 Lake Mburo Uganda 15 
SBU-13E-67 0.7 Lake Mburo Uganda 15 
SBU-13E-69 0.1 Lake Mburo Uganda 15 
SBU-13E-70 1.3 Lake Mburo Uganda 15 
SBU-13E-81 -0.1 Queen Elizabeth Uganda 15 
OM 2104 0.0 Mt Kenya Kenya 15 
SBU-13E-82 -2.0 Queen Elizabeth Uganda 15 
ICCN-KB-082 -7.5 Kahuzi-Biega DRC 15 
ICCN-KB-062 -4.6 Kahuzi-Biega DRC 15 
ICCN-KB-079 -2.1 Kahuzi-Biega DRC 15 
SBU-13E-41 -3.7 Kibale  Uganda 15 
SBU-13E-23 -0.9 Lake Mburo Uganda 15 
K97-364-Mtk M3 -1.7 Mt Kenya Kenya 15 
K97-364-Mtk M2 -0.6 Mt Kenya Kenya 15 
AMNH 187801 4.1 Tana River/Garissa Kenya 15 
ODW-5 average 2.8 Tsavo Kenya 15 
SBU-13E-25 0.3 Lake Mburo Uganda 15 
SBU-13E-32 -2.6 Lake Mburo Uganda 15 
SBU-13E-117 1.8 Kidepo Uganda 15 
SBU-13E-118 2.6 Kidepo Uganda 15 
SBU-13E-119 0.1 Kidepo Uganda 15 
SBU-13E-122 2.0 Kidepo Uganda 15 
SBU-13E-26 -3.0 Lake Mburo Uganda 15 
K11-SAM-254-m3 1.8 Samburu Kenya 15 
K11-SAM-257 3.9 Samburu Kenya 15 
GNP-wrh 1.3 Garamba DRC 15 
OM 7528 0.3 Laikipia Kenya 15 
K98-Lai-349 4.0 Laikipia Kenya 15 
K97-207-Ab -0.6 Abardares Kenya 15 
KOO-AB-302 -2.4 Aberdares Kenya 15 
KOO-AB-302 -1.3 Aberdares Kenya 15 
K00-AB-303 -1.2 Aberdares Kenya 15 
K00-AB-309 0.1 Aberdares Kenya 15 
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K00-AB-301 0.4 Aberdares Kenya 15 
K97-323-AB 0.0 Aberdares Kenya 15 
K97-206-Lai 1.0 Laikipia Kenya 15 
AMNH 54383 0.9 Serengeti Tanzania 15 
AMNH 187803 1.2 Tana River/Garissa Kenya 15 
K97-223-Ab -1.9 Abardares Kenya 15 
MGL-7 -1.1 Aberdares Kenya 15 
K97-325-AB -1.2 Aberdares Kenya 15 
K97-325-AB -1.2 Aberdares Kenya 15 
GNP-ele 0.8 Garamba DRC 15 
ICCN-PNVL-002 2.5 Lulimbe DRC 15 
MGL-2 -2.3 Mt Kenya Kenya 15 
K97-257-MtK -1.7 Mt Kenya Kenya 15 
K97-256-MtK 1.1 Mt Kenya Kenya 15 
K11-SAM-M1 0.3 Samburu Kenya 15 
K11-SAM-M16 0.8 Samburu Kenya 15 
K11-SAM-M34 0.1 Samburu Kenya 15 
K11-SAM-M50 -0.1 Samburu Kenya 15 
K11-SAM-M62 0.0 Samburu Kenya 15 
K11-SAM-R1 -0.1 Samburu Kenya 15 
K11-SAM-R2 0.4 Samburu Kenya 15 
K11-SAM-R13 -1.3 Samburu Kenya 15 
K11-SAM-R14 -0.6 Samburu Kenya 15 
K11-SAM-R27 -0.4 Samburu Kenya 15 
K11-SAM-R30 -0.1 Samburu Kenya 15 
K11-SAM-B1007 -0.6 Samburu Kenya 15 
K11-SAM-B1011 0.4 Samburu Kenya 15 
K11-SAM-B1013 -0.6 Samburu Kenya 15 
K11-SAM-B1016 -1.7 Samburu Kenya 15 
K11-SAM-B1029 -0.6 Samburu Kenya 15 
K11-SAM-B1044 -0.1 Samburu Kenya 15 
MGL-32 0.6 Tsavo Kenya 15 
MGL-37 -0.9 Tsavo Kenya 15 
MGL-38 -0.2 Tsavo Kenya 15 
MGL-29 0.0 Tsavo Kenya 15 
ICCN-KB-001 -4.3 Kahuzi-Biega DRC 15 
ICCN-KB-005 -3.8 Kahuzi-Biega DRC 15 
ICCN-KB-010 -3.7 Kahuzi-Biega DRC 15 
ICCN-KB-142 -3.5 Kahuzi-Biega DRC 15 
ICCN-KB-107 -3.1 Kahuzi-Biega DRC 15 
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ICCN-KB-003 -3.0 Kahuzi-Biega DRC 15 
ICCN-KB-014 -3.0 Kahuzi-Biega DRC 15 
ICCN-KB-002 -2.9 Kahuzi-Biega DRC 15 
ICCN-KB-013 -2.6 Kahuzi-Biega DRC 15 
ICCN-KB-004 -2.6 Kahuzi-Biega DRC 15 
ICCN-KB-129 -2.4 Kahuzi-Biega DRC 15 
ICCN-KB-006 -2.3 Kahuzi-Biega DRC 15 
ICCN-KB-009 -2.2 Kahuzi-Biega DRC 15 
ICCN-KB-011 -2.0 Kahuzi-Biega DRC 15 
UCT9992 0.5 Serengeti Tanzania 16 
UCT9999 3.0 Serengeti Tanzania 16 
UCT7074 1.0 Serengeti Tanzania 16 
UCT10023 -0.7 Serengeti Tanzania 16 
UCT10024 1.7 Serengeti Tanzania 16 
UCT7064 -0.7 Serengeti Tanzania 16 
UCT9965 2.5 Serengeti Tanzania 16 
UCT9966 3.9 Serengeti Tanzania 16 
UCT9976 3.1 Serengeti Tanzania 16 
UCT9977 3.0 Serengeti Tanzania 16 
UCT9978 4.8 Serengeti Tanzania 16 
UCT9978 -1.0 Serengeti Tanzania 16 
UCT9980 2.8 Serengeti Tanzania 16 
UCT9981 2.9 Serengeti Tanzania 16 
UCT9982 4.9 Serengeti Tanzania 16 
UCT9986 5.6 Serengeti Tanzania 16 
UCT10005 1.6 Serengeti Tanzania 16 
UCT9990 4.6 Serengeti Tanzania 16 
UCT7066 -4.1 Serengeti Tanzania 16 
UCT10020 5.8 Serengeti Tanzania 16 
UCT10021 3.6 Serengeti Tanzania 16 
UCT10022 3.0 Serengeti Tanzania 16 
UCT10016 4.9 Serengeti Tanzania 16 
UCT10006 5.2 Serengeti Tanzania 16 
UCT10007 5.0 Serengeti Tanzania 16 
UCT10008 4.8 Serengeti Tanzania 16 
UCT10013 4.9 Serengeti Tanzania 16 
UCT7072 -0.9 Serengeti Tanzania 16 
UCT7073 -0.8 Serengeti Tanzania 16 
UCT9967 3.3 Serengeti Tanzania 16 
UCT9968 2.6 Serengeti Tanzania 16 
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UCT9969 3.6 Serengeti Tanzania 16 
UCT9970 4.5 Serengeti Tanzania 16 
UCT9971 3.2 Serengeti Tanzania 16 
UCT9975 2.1 Serengeti Tanzania 16 
UCT10000 3.3 Serengeti Tanzania 16 
UCT10001 2.3 Serengeti Tanzania 16 
UCT7060 -0.1 Serengeti Tanzania 16 
UCT7068 -0.7 Serengeti Tanzania 16 
UCT7067 -0.4 Serengeti Tanzania 16 
UCT7061 0.5 Serengeti Tanzania 16 
UCT7069 1.5 Serengeti Tanzania 16 
UCT7070 -1.8 Serengeti Tanzania 16 
UCT7062 2.0 Serengeti Tanzania 16 
UCT7063 -3.5 Serengeti Tanzania 16 
UCT9973 4.4 Serengeti Tanzania 16 
UCT9995 3.2 Serengeti Tanzania 16 
UCT10060 3.3 Serengeti Tanzania 16 
UCT9964 -0.2 Serengeti Tanzania 16 
UCT9983 2.8 Serengeti Tanzania 16 
UCT9984 1.7 Serengeti Tanzania 16 
UCT9985 3.4 Serengeti Tanzania 16 
UCT9986 2.3 Serengeti Tanzania 16 
UCT9987 3.3 Serengeti Tanzania 16 
UCT9988 1.5 Serengeti Tanzania 16 
UCT10025 -0.1 Serengeti Tanzania 16 
UCT10026 -2.9 Serengeti Tanzania 16 
UCT10014 -1.6 Serengeti Tanzania 16 
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APPENDIX 3 FOR CHAPTER 4: Fossil herbivore teeth enamel data 
Area Locality Formation Member or association 
Omo-Turkana FwJj20, Area 41 Koobi Fora upper Burgi Member 
Omo-Turkana FwJj20, Area 41 Koobi Fora upper Burgi Member 
Omo-Turkana FwJj20, Area 41 Koobi Fora upper Burgi Member 
Omo-Turkana FwJj20, Area 41 Koobi Fora upper Burgi Member 
Omo-Turkana FwJj20, Area 41 Koobi Fora upper Burgi Member 
Omo-Turkana FwJj20, Area 41 Koobi Fora upper Burgi Member 
Omo-Turkana FwJj20, Area 41 Koobi Fora upper Burgi Member 
Omo-Turkana FwJj20, Area 41 Koobi Fora upper Burgi Member 
Omo-Turkana FwJj20, Area 41 Koobi Fora upper Burgi Member 
Omo-Turkana FwJj20, Area 41 Koobi Fora upper Burgi Member 
Omo-Turkana FwJj20, Area 41 Koobi Fora upper Burgi Member 
Omo-Turkana FwJj20, Area 41 Koobi Fora upper Burgi Member 
Omo-Turkana FwJj20, Area 41 Koobi Fora upper Burgi Member 
Omo-Turkana FwJj20, Area 41 Koobi Fora upper Burgi Member 
Omo-Turkana FwJj20, Area 41 Koobi Fora upper Burgi Member 
Omo-Turkana FwJj20, Area 41 Koobi Fora upper Burgi Member 
Omo-Turkana FwJj20, Area 41 Koobi Fora upper Burgi Member 
Turkana Koobi Fora Ridge, Area 103 Koobi Fora Okote, between Morutot and Chari tuffs 
Turkana Ileret, Area 8 Koobi Fora KBS, between Orange and Morutot Tuffs 
Turkana Ileret, Area 8 Koobi Fora KBS, between Orange and Morutot Tuffs 
Omo-Turkana  Koobi Fora Upper Burgi, bottom of C2n to KBS Tuff 
Omo-Turkana Karari Ridge, Area 131 Koobi Fora Upper Burgi, bottom of C2n to KBS Tuff 
Omo-Turkana Il Naibar Lowlands, Area 116 Koobi Fora Tulu Bor, between α-Tulu Bor and Burgi Tuffs 
Omo-Turkana  Koobi Fora Lokochot, between Lokochot and α-Tulu Bor Tuffs 
Omo-Turkana Sibilot, Area 204 Koobi Fora Lokochot, between Lokochot and α-Tulu Bor Tuffs 
Omo-Turkana Sibilot, Area 251 Koobi Fora Moiti, between Moiti and Lokochot Tuffs 
Turkana Ileret, Area 1A Koobi Fora Okote, between Morutot and Chari tuffs 
Turkana Karari Ridge, Area 105 Koobi Fora KBS, between Orange and Morutot Tuffs 
Turkana Koobi Fora Ridge, Area 104 Koobi Fora KBS, between Orange and Morutot Tuffs 
Turkana Karari Ridge, Area 105 Koobi Fora KBS, between Orange and Morutot Tuffs 
Turkana Ileret, Area 1 Koobi Fora Okote, between Morutot and Chari tuffs 
Turkana Ileret, Area 3 Koobi Fora Okote, between Morutot and Chari tuffs 
Turkana Ileret, Area 3 Koobi Fora Okote, between Morutot and Chari tuffs 
Turkana Ileret, Area 1 Koobi Fora Okote, between Morutot and Chari tuffs 
Turkana Koobi Fora Ridge, Area 103 Koobi Fora Okote, between Morutot and Chari tuffs 
Turkana Ileret, Area 1A Koobi Fora Okote, between Morutot and Chari tuffs 
Turkana Ileret, Area 1 Koobi Fora Okote, between Morutot and Chari tuffs 
Turkana Ileret, Area 3 Koobi Fora Okote, between Morutot and Chari tuffs 
	 407 
Turkana Ileret, Area 1 Koobi Fora Okote, between Morutot and Chari tuffs 
Turkana Ileret, Area 1 Koobi Fora Okote, between Morutot and Chari tuffs 
Turkana Ileret, Area 3 Koobi Fora Okote, between Morutot and Chari tuffs 
Turkana  Koobi Fora Okote, between Morutot and Chari tuffs 
Turkana Ileret, Area 8 Koobi Fora KBS, between Orange and Morutot Tuffs 
Turkana Koobi Fora Ridge, Area 103 Koobi Fora KBS, between Orange and Morutot Tuffs 
Turkana Ileret, Area 10 Koobi Fora KBS, between Orange and Morutot Tuffs 
Turkana Ileret, Area 6A Koobi Fora KBS, between Orange and Morutot Tuffs 
Turkana Ileret, Area 8 Koobi Fora KBS, between Orange and Morutot Tuffs 
Turkana Koobi Fora Ridge, Area 104 Koobi Fora KBS, between Orange and Morutot Tuffs 
Turkana Koobi Fora, Area 106 Koobi Fora KBS, between Orange and Morutot Tuffs 
Turkana Koobi Fora, Area 106 Koobi Fora KBS, between Orange and Morutot Tuffs 
Turkana Koobi Fora Ridge, Area 104 Koobi Fora KBS, between Orange and Morutot Tuffs 
Turkana Ileret, Area 8B Koobi Fora KBS, between Orange and Morutot Tuffs 
Turkana Koobi Fora Ridge, Area 103 Koobi Fora KBS, between Orange and Morutot Tuffs 
Turkana Ileret, Area 3 Koobi Fora Okote, between Morutot and Chari tuffs 
Omo-Turkana  Koobi Fora Upper Burgi, bottom of C2n to KBS Tuff 
Omo-Turkana Il Dura, Area 14 Koobi Fora Upper Burgi, bottom of C2n to KBS Tuff 
Omo-Turkana Karari Ridge, Area 105 Koobi Fora Upper Burgi, bottom of C2n to KBS Tuff 
Omo-Turkana Karari Ridge, Area 105 Koobi Fora Upper Burgi, bottom of C2n to KBS Tuff 
Omo-Turkana Karari Ridge, Area 130 Koobi Fora Upper Burgi, bottom of C2n to KBS Tuff 
Omo-Turkana Karari Ridge, Area 130 Koobi Fora Upper Burgi, bottom of C2n to KBS Tuff 
Omo-Turkana Karari Ridge, Area 130 Koobi Fora Upper Burgi, bottom of C2n to KBS Tuff 
Omo-Turkana Karari Ridge, Area 105 Koobi Fora Upper Burgi, bottom of C2n to KBS Tuff 
Omo-Turkana Karari Ridge, Area 130 Koobi Fora Upper Burgi, bottom of C2n to KBS Tuff 
Omo-Turkana Il Nabar Lowlands, Area 117 Koobi Fora Lower Tulu Bor, between α-Tulu Bor and Ninikaa Tuffs 
Omo-Turkana Il Nabar Lowlands, Area 117 Koobi Fora Lower Tulu Bor, between α-Tulu Bor and Ninikaa Tuffs 
Omo-Turkana Il Nabar Lowlands, Area 117 Koobi Fora Lower Tulu Bor, between α-Tulu Bor and Ninikaa Tuffs 
Omo-Turkana Il Nabar Lowlands, Area 117 Koobi Fora Lower Tulu Bor, between α-Tulu Bor and Ninikaa Tuffs 
Omo-Turkana Il Nabar Lowlands, Area 117 Koobi Fora Lokochot, between Lokochot and α-Tulu Bor Tuffs 
Omo-Turkana Il Nabar Lowlands, Area 117 Koobi Fora Lokochot, between Lokochot and α-Tulu Bor Tuffs 
Omo-Turkana Il Nabar Lowlands, Area 117 Koobi Fora Lokochot, between Lokochot and α-Tulu Bor Tuffs 
Omo-Turkana  Koobi Fora Lokochot, between Lokochot and α-Tulu Bor Tuffs 
Omo-Turkana  Koobi Fora Lokochot, between Lokochot and α-Tulu Bor Tuffs 
Omo-Turkana  Koobi Fora Lokochot, between Lokochot and α-Tulu Bor Tuffs 
Omo-Turkana  Koobi Fora Lokochot, between Lokochot and α-Tulu Bor Tuffs 
Omo-Turkana  Koobi Fora Lokochot, between Lokochot and α-Tulu Bor Tuffs 
Omo-Turkana  Koobi Fora Lokochot, between Lokochot and α-Tulu Bor Tuffs 
Omo-Turkana Sibilot, Area 250 Koobi Fora Moiti, between Moiti and Lokochot Tuffs 
Turkana Area 104 Koobi Fora KBS, between Orange and Morutot Tuffs 
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Turkana Area 104 Koobi Fora KBS, between Orange and Morutot Tuffs 
Turkana Area 104 Koobi Fora KBS, between Orange and Morutot Tuffs 
Omo-Turkana 105-1311 Koobi Fora lower KBS Member, In sands 0-1 m above KBS tuff 
Omo-Turkana 105-1311 Koobi Fora lower KBS Member, In sands 0-1 m above KBS tuff 
Omo-Turkana 105-1311 Koobi Fora lower KBS Member, In sands 0-1 m above KBS tuff 
Turkana Area 104 Koobi Fora KBS, between Orange and Morutot Tuffs 
Turkana Area 104 Koobi Fora KBS, between Orange and Morutot Tuffs 
Turkana Area 104 Koobi Fora KBS, between Orange and Morutot Tuffs 
Omo-Turkana FxJj3, Area 105 Koobi Fora lower KBS Member, in KBS tuff 
Omo-Turkana 105-1311 Koobi Fora lower KBS Member, In sands 0-1 m above KBS tuff 
Omo-Turkana 105-1311 Koobi Fora lower KBS Member, In sands 0-1 m above KBS tuff 
Omo-Turkana 105-1311 Koobi Fora lower KBS Member, In sands 0-1 m above KBS tuff 
Omo-Turkana Yellow Sands Omo Mursi under Mursi Basalt 
Omo-Turkana Yellow Sands Omo Mursi under Mursi Basalt 
Omo-Turkana Yellow Sands Omo Mursi under Mursi Basalt 
Omo-Turkana Yellow Sands Omo Mursi under Mursi Basalt 
Omo-Turkana Yellow Sands Omo Mursi under Mursi Basalt 
Omo-Turkana Yellow Sands Omo Mursi under Mursi Basalt 
Omo-Turkana Yellow Sands Omo Mursi under Mursi Basalt 
Omo-Turkana Yellow Sands Omo Mursi under Mursi Basalt 
Omo-Turkana Yellow Sands Omo Mursi under Mursi Basalt 
Omo-Turkana Yellow Sands Omo Mursi under Mursi Basalt 
Omo-Turkana Yellow Sands Omo Mursi under Mursi Basalt 
Omo-Turkana Yellow Sands Omo Mursi under Mursi Basalt 
Omo-Turkana Yellow Sands Omo Mursi under Mursi Basalt 
Omo-Turkana Yellow Sands Omo Mursi under Mursi Basalt 
Omo-Turkana Yellow Sands Omo Mursi under Mursi Basalt 
Omo-Turkana Yellow Sands Omo Mursi under Mursi Basalt 
Omo-Turkana Yellow Sands Omo Mursi under Mursi Basalt 
Omo-Turkana Yellow Sands Omo Mursi under Mursi Basalt 
Omo-Turkana Yellow Sands Omo Mursi under Mursi Basalt 
Omo-Turkana Yellow Sands Omo Mursi under Mursi Basalt 
Omo-Turkana Yellow Sands Omo Mursi under Mursi Basalt 
Omo-Turkana Yellow Sands Omo Mursi under Mursi Basalt 
Omo-Turkana Kanapoi Kanapoi Between L. pumiceous and Kanapoi tuffs 
Omo-Turkana Kanapoi Kanapoi Between L. pumiceous and Kanapoi tuffs 
Omo-Turkana Kanapoi Kanapoi Between L. pumiceous and Kanapoi tuffs 
Omo-Turkana Kanapoi Kanapoi Between L. pumiceous and Kanapoi tuffs 
Omo-Turkana Kanapoi Kanapoi Between L. pumiceous and Kanapoi tuffs 
Omo-Turkana Kanapoi Kanapoi Between L. pumiceous and Kanapoi tuffs 
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Omo-Turkana Kanapoi Kanapoi Between L. pumiceous and Kanapoi tuffs 
Omo-Turkana Kanapoi Kanapoi Between L. pumiceous and Kanapoi tuffs 
Omo-Turkana Kanapoi Kanapoi Between L. pumiceous and Kanapoi tuffs 
Omo-Turkana Kanapoi Kanapoi Between L. pumiceous and Kanapoi tuffs 
Omo-Turkana Kanapoi Kanapoi Between L. pumiceous and Kanapoi tuffs 
Omo-Turkana Kanapoi Kanapoi Between L. pumiceous and Kanapoi tuffs 
Omo-Turkana Kanapoi Kanapoi Between L. pumiceous and Kanapoi tuffs 
Omo-Turkana Kanapoi Kanapoi Between L. pumiceous and Kanapoi tuffs 
Omo-Turkana Kanapoi Kanapoi Between L. pumiceous and Kanapoi tuffs 
Omo-Turkana Kanapoi Kanapoi Between L. pumiceous and Kanapoi tuffs 
Omo-Turkana Kanapoi Kanapoi Between L. pumiceous and Kanapoi tuffs 
Omo-Turkana Kanapoi Kanapoi Between L. pumiceous and Kanapoi tuffs 
Omo-Turkana Kanapoi Kanapoi Between L. pumiceous and Kanapoi tuffs 
Omo-Turkana Kanapoi Kanapoi Between L. pumiceous and Kanapoi tuffs 
Omo-Turkana Kanapoi Kanapoi Between L. pumiceous and Kanapoi tuffs 
Omo-Turkana Kanapoi Kanapoi Between L. pumiceous and Kanapoi tuffs 
Omo-Turkana Kanapoi Kanapoi Between L. pumiceous and Kanapoi tuffs 
Omo-Turkana Kanapoi Kanapoi Between L. pumiceous and Kanapoi tuffs 
Omo-Turkana Kanapoi Kanapoi Between L. pumiceous and Kanapoi tuffs 
Omo-Turkana Kanapoi Kanapoi Between L. pumiceous and Kanapoi tuffs 
Omo-Turkana Kanapoi Kanapoi Between L. pumiceous and Kanapoi tuffs 
Omo-Turkana Kanapoi Kanapoi Between L. pumiceous and Kanapoi tuffs 
Omo-Turkana Kanapoi Kanapoi Between L. pumiceous and Kanapoi tuffs 
Omo-Turkana Kanapoi Kanapoi Between L. pumiceous and Kanapoi tuffs 
Omo-Turkana Kanapoi Kanapoi Between L. pumiceous and Kanapoi tuffs 
Omo-Turkana Lothogam Nachukui Kaiyumung Member, 2An.1r or 2An.2r subchron 
Omo-Turkana Allia Bay 261-1 Koobi Fora Upper Lonyumun Member, between Naibar and Moiti  
Omo-Turkana Allia Bay 261-1 Koobi Fora Upper Lonyumun Member, between Naibar and Moiti  
Omo-Turkana Allia Bay 261-1 Koobi Fora Upper Lonyumun Member, between Naibar and Moiti  
Omo-Turkana Allia Bay 261-1 Koobi Fora Upper Lonyumun Member, between Naibar and Moiti  
Omo-Turkana Allia Bay 261-1 Koobi Fora Upper Lonyumun Member, between Naibar and Moiti  
Omo-Turkana Allia Bay 261-1 Koobi Fora Upper Lonyumun Member, between Naibar and Moiti  
Omo-Turkana Allia Bay 261-1 Koobi Fora Upper Lonyumun Member, between Naibar and Moiti  
Omo-Turkana Allia Bay 261-1 Koobi Fora Upper Lonyumun Member, between Naibar and Moiti  
Omo-Turkana Allia Bay 261-1 Koobi Fora Upper Lonyumun Member, between Naibar and Moiti  
Omo-Turkana Allia Bay 261-1 Koobi Fora Upper Lonyumun Member, between Naibar and Moiti  
Omo-Turkana Allia Bay 261-1 Koobi Fora Upper Lonyumun Member, between Naibar and Moiti  
Omo-Turkana Allia Bay 261-1 Koobi Fora Upper Lonyumun Member, between Naibar and Moiti  
Omo-Turkana Allia Bay 261-1 Koobi Fora Upper Lonyumun Member, between Naibar and Moiti  
Omo-Turkana Allia Bay 261-1 Koobi Fora Upper Lonyumun Member, between Naibar and Moiti  
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Omo-Turkana Allia Bay 261-1 Koobi Fora Upper Lonyumun Member, between Naibar and Moiti  
Omo-Turkana Allia Bay 261-1 Koobi Fora Upper Lonyumun Member, between Naibar and Moiti  
Omo-Turkana Allia Bay 261-1 Koobi Fora Upper Lonyumun Member, between Naibar and Moiti  
Omo-Turkana Allia Bay 261-1 Koobi Fora Upper Lonyumun Member, between Naibar and Moiti  
Omo-Turkana Allia Bay 261-1 Koobi Fora Upper Lonyumun Member, between Naibar and Moiti  
Omo-Turkana Allia Bay 261-1 Koobi Fora Upper Lonyumun Member, between Naibar and Moiti  
Omo-Turkana Allia Bay 261-1 Koobi Fora Upper Lonyumun Member, between Naibar and Moiti  
Omo-Turkana Allia Bay 261-1 Koobi Fora Upper Lonyumun Member, between Naibar and Moiti  
Omo-Turkana Allia Bay 261-1 Koobi Fora Upper Lonyumun Member, between Naibar and Moiti  
Omo-Turkana Allia Bay 261-1 Koobi Fora Upper Lonyumun Member, between Naibar and Moiti  
Omo-Turkana Allia Bay 261-1 Koobi Fora Upper Lonyumun Member, between Naibar and Moiti  
Omo-Turkana Allia Bay 261-1 Koobi Fora Upper Lonyumun Member, between Naibar and Moiti  
Omo-Turkana Allia Bay 261-1 Koobi Fora Upper Lonyumun Member, between Naibar and Moiti  
Omo-Turkana Allia Bay 261-1 Koobi Fora Upper Lonyumun Member, between Naibar and Moiti  
Omo-Turkana Allia Bay 261-1 Koobi Fora Upper Lonyumun Member, between Naibar and Moiti  
Omo-Turkana Lothagam Nachukui Apak Member, using pumice age for fauna 
Omo-Turkana Lothagam Nachukui Apak Member, using pumice age for fauna 
Omo-Turkana Lothagam Nachukui Apak Member, using pumice age for fauna 
Omo-Turkana Lothagam Nachukui Apak Member, using pumice age for fauna 
Omo-Turkana Lothagam Nachukui Apak Member, using pumice age for fauna 
Omo-Turkana Lothagam Nachukui Apak Member, using pumice age for fauna 
Omo-Turkana Lothogam Nachukui Apak Member, using pumice age for fauna 
Omo-Turkana Lothogam Nachukui Apak Member, using pumice age for fauna 
Omo-Turkana Lothogam Nachukui Apak Member, using pumice age for fauna 
Omo-Turkana Lothogam Nachukui Apak Member, using pumice age for fauna 
Omo-Turkana Lothogam Nachukui Apak Member, using pumice age for fauna 
Omo-Turkana Lothogam Nachukui Apak Member, using pumice age for fauna 
Omo-Turkana Lothogam Nachukui Apak Member, using pumice age for fauna 
Omo-Turkana Lothogam Nachukui Apak Member, using pumice age for fauna 
Omo-Turkana Lothogam Nachukui Apak Member, using pumice age for fauna 
Omo-Turkana Lothogam Nachukui Apak Member, using pumice age for fauna 
Omo-Turkana Lothogam Nachukui Apak Member, using pumice age for fauna 
Omo-Turkana Lothogam Nachukui Apak Member, using pumice age for fauna 
Omo-Turkana Lothogam Nachukui Apak Member, using pumice age for fauna 
Omo-Turkana Lothogam Nachukui Apak Member, using pumice age for fauna 
Omo-Turkana Lothogam Nachukui Apak Member, using pumice age for fauna 
Omo-Turkana Lothogam Nachukui Apak Member, using pumice age for fauna 
Omo-Turkana Kalokodo (KK) Nachukui Kalochoro Member, below KBS tuff 
Omo-Turkana Kalokodo (KK) Nachukui Kalochoro Member, below KBS tuff 
Omo-Turkana Kalokodo (KK) Nachukui Kalochoro Member, below KBS tuff 
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Omo-Turkana Kalokodo (KK) Nachukui Kalochoro Member, below KBS tuff 
Turkana Kalochoro (KL3) Nachukui Kaitio Member, between Malbe and Okote Tuffs 
Turkana Kalochoro (KL6) Nachukui Kaitio Member, between Malbe and Okote Tuffs 
Omo-Turkana Kangatukuseo (KU2) Nachukui upper Lomekwi/Lokalalei, below and above Lokalalei  
Omo-Turkana Lomewi (LO9) Nachukui middle Lomekwi Member, between Allia and Hasuma  
Turkana Nachukui (NC1) Nachukui Nariokotome, between L. Nariokotome and Silbo tuffs 
Turkana Nachukui (NC1) Nachukui Nariokotome, between L. Nariokotome and Silbo tuffs 
Turkana Nachukui (NC1) Nachukui Nariokotome, between L. Nariokotome and Silbo tuffs 
Turkana Kalochoro (KL6) Nachukui Kaitio Member, between Malbe and Okote Tuffs 
Turkana Naiyena Engol (NY1?) Nachukui Kaitio Member, between Malbe and Okote Tuffs 
Turkana Naiyena Engol (NY3) Nachukui Kaitio Member, between Malbe and Okote Tuffs 
Omo-Turkana Kangatukuseo (KU2) Nachukui upper Lomekwi/Lokalalei, below and above Lokalalei  
Omo-Turkana Kangatukuseo (KU2) Nachukui upper Lomekwi/Lokalalei, below and above Lokalalei  
Omo-Turkana Lomewi (LO3) Nachukui upper Lomekwi, between Hasuma and Lokalelei tuff 
Omo-Turkana Lomewi (LO3) Nachukui upper Lomekwi, between Hasuma and Lokalelei tuff 
Omo-Turkana Lomewi (LO3) Nachukui upper Lomekwi, between Hasuma and Lokalelei tuff 
Omo-Turkana Kangatukuseo (KU3) Nachukui upper Lomekwi, between Hasuma and Lokalelei tuff 
Omo-Turkana Lomewi (LO3) Nachukui upper Lomekwi, between Hasuma and Lokalelei tuff 
Omo-Turkana Lomewi (LO10) Nachukui middle Lomekwi Member, between Allia and Hasuma  
Omo-Turkana Lomewi (LO9) Nachukui middle Lomekwi Member, between Allia and Hasuma  
Omo-Turkana Kangatukuseo (KU2) Nachukui upper Lomekwi/Lokalalei, below and above Lokalalei tuff 
Omo-Turkana Lomewi (LO3) Nachukui upper Lomekwi, between Hasuma and Lokalelei tuff 
Omo-Turkana Kangatukuseo (KU1) Nachukui upper Lomekwi, between Hasuma and Lokalelei tuff 
Omo-Turkana Lomewi (LO9) Nachukui middle Lomekwi Member, between Allia and Hasuma  
Turkana Nachukui (NC1) Nachukui Nariokotome, between L. Nariokotome and Silbo tuffs 
Turkana Nachukui (NC1) Nachukui Nariokotome, between L. Nariokotome and Silbo tuffs 
Turkana Nachukui (NC2) Nachukui Nariokotome, between L. Nariokotome and Silbo tuffs 
Turkana Kaitio (KI2) Nachukui Natoo Member, between Morutot and L. Nariokotome  
Turkana Kalochoro (KL1) Nachukui  
Turkana Kalochoro (KL1) Nachukui Natoo Member, between Morutot and L. Nariokotome 
Turkana Naiyena Engol Nachukui Kaitio Member, between Malbe and Okote Tuffs 
Turkana Loruth Kaado (LK4) Nachukui Kaitio Member, between Malbe and Okote Tuffs 
Turkana Naiyena Engol (NY2) Nachukui Kaitio Member, between Malbe and Okote Tuffs 
Omo-Turkana Lomekwi (LO8) Nachukui Lokalalei Member, between Lokalalei and Kalochoro  
Omo-Turkana Kangatukuseo (KU1) Nachukui upper Lomekwi, between Hasuma and Lokalelei tuff 
Omo-Turkana Lomewi (LO1) Nachukui upper Lomekwi, between Hasuma and Lokalelei tuff 
Omo-Turkana Lomewi (LO2) Nachukui upper Lomekwi, between Hasuma and Lokalelei tuff 
Turkana Nachukui (NC4) Nachukui Nariokotome, between L. Nariokotome and Silbo tuffs 
Omo-Turkana Lomewi (LO3) Nachukui upper Lomekwi, between Hasuma and Lokalelei tuff 
Omo-Turkana Lomewi (LO10) Nachukui middle Lomekwi Member, between Allia and Hasuma  
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Omo-Turkana Lomewi (LO10) Nachukui middle Lomekwi Member, between Allia and Hasuma  
Omo-Turkana  Shungura C-9 
Omo-Turkana  Shungura B-9 
Omo-Turkana Lomewi (LO5) Nachukui lower Lomekwi Member, just above Tulu Bor Tuff 
Omo-Turkana Lomewi (LO4) Nachukui lower Lomekwi Member, just above Tulu Bor Tuff 
Omo-Turkana Lomewi (LO5) Nachukui lower Lomekwi Member, just above Tulu Bor Tuff 
Omo-Turkana Lomewi (LO5) Nachukui lower Lomekwi Member, just above Tulu Bor Tuff 
Omo-Turkana Lomewi (LO4) Nachukui lower Lomekwi Member, just above Tulu Bor Tuff 
Omo-Turkana Lomewi (LO4) Nachukui lower Lomekwi Member, just above Tulu Bor Tuff 
Omo-Turkana Lomewi (LO5) Nachukui lower Lomekwi Member, just above Tulu Bor Tuff 
Omo-Turkana Lomewi (LO4) Nachukui lower Lomekwi Member, just above Tulu Bor Tuff 
Omo-Turkana Lomewi (LO4) Nachukui lower Lomekwi Member, just above Tulu Bor Tuff 
Omo-Turkana Lomewi (LO5) Nachukui lower Lomekwi Member, just above Tulu Bor Tuff 
Omo-Turkana Lomewi (LO4) Nachukui lower Lomekwi Member, just above Tulu Bor Tuff 
Omo-Turkana Lomewi (LO4) Nachukui lower Lomekwi Member, just above Tulu Bor Tuff 
Omo-Turkana Lomewi (LO4) Nachukui lower Lomekwi Member, just above Tulu Bor Tuff 
Omo-Turkana Lomewi (LO4W) Nachukui lower Lomekwi Member, just above Tulu Bor Tuff 
Omo-Turkana Lomewi (LO4E) Nachukui lower Lomekwi Member, just above Tulu Bor Tuff 
Omo-Turkana Lomewi (LO5) Nachukui lower Lomekwi Member, just above Tulu Bor Tuff 
Omo-Turkana Lomewi (LO5) Nachukui lower Lomekwi Member, just above Tulu Bor Tuff 
Omo-Turkana Lomewi (LO5) Nachukui lower Lomekwi Member, just above Tulu Bor Tuff 
Omo-Turkana Lomewi (LO5) Nachukui lower Lomekwi Member, just above Tulu Bor Tuff 
Turkana Kokiselei (KS2) Nachukui Upper Kaitio Member, between KS4 and Morutot Tuff 
Turkana Kokiselei (KS2) Nachukui Upper Kaitio Member, between KS4 and Morutot Tuff 
Turkana Kokiselei (KS2) Nachukui Upper Kaitio Member, between KS4 and Morutot Tuff 
Turkana Kokiselei (KS2) Nachukui Upper Kaitio Member, between KS4 and Morutot Tuff 
Turkana Kokiselei (KS2) Nachukui Upper Kaitio Member, between KS4 and Morutot Tuff 
Turkana Kokiselei (KS2) Nachukui Upper Kaitio Member, between KS4 and Morutot Tuff 
Turkana Kokiselei (KS2) Nachukui Upper Kaitio Member, between KS4 and Morutot Tuff 
Turkana Kokiselei (KS2) Nachukui Upper Kaitio Member, between KS4 and Morutot Tuff 
Omo-Turkana  Kokiselei (KS1) Nachukui Upper Kaitio Member, between KBS tuff and KS4 
Omo-Turkana  Kokiselei (KS1) Nachukui Upper Kaitio Member, between KBS tuff and KS4 
Omo-Turkana  Kokiselei (KS1) Nachukui Upper Kaitio Member, between KBS tuff and KS4 
Omo-Turkana  Kokiselei (KS1) Nachukui Upper Kaitio Member, between KBS tuff and KS4 
Omo-Turkana  Kokiselei (KS1) Nachukui Upper Kaitio Member, between KBS tuff and KS4 
Omo-Turkana  Kokiselei (KS1) Nachukui Upper Kaitio Member, between KBS tuff and KS4 
Omo-Turkana  Kokiselei (KS1) Nachukui Upper Kaitio Member, between KBS tuff and KS4 
Omo-Turkana  Kokiselei (KS1) Nachukui Upper Kaitio Member, between KBS tuff and KS4 
Omo-Turkana  Kokiselei (KS1) Nachukui Upper Kaitio Member, between KBS tuff and KS4 
Omo-Turkana  Kokiselei (KS1) Nachukui Upper Kaitio Member, between KBS tuff and KS4 
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Omo-Turkana  Kokiselei (KS1) Nachukui Upper Kaitio Member, between KBS tuff and KS4 
Omo-Turkana  Kokiselei (KS1) Nachukui Upper Kaitio Member, between KBS tuff and KS4 
Omo-Turkana  Kokiselei (KS1) Nachukui Upper Kaitio Member, between KBS tuff and KS4 
Omo-Turkana  Kokiselei (KS1) Nachukui Upper Kaitio Member, between KBS tuff and KS4 
Omo-Turkana  Kokiselei (KS1) Nachukui Upper Kaitio Member, between KBS tuff and KS4 
Omo-Turkana  Kokiselei (KS1) Nachukui Upper Kaitio Member, between KBS tuff and KS4 
Omo-Turkana  Kokiselei (KS1) Nachukui Upper Kaitio Member, between KBS tuff and KS4 
Omo-Turkana  Kokiselei (KS1) Nachukui Upper Kaitio Member, between KBS tuff and KS4 
Omo-Turkana  Kokiselei (KS1) Nachukui Upper Kaitio Member, between KBS tuff and KS4 
Omo-Turkana  Kokiselei (KS1) Nachukui Upper Kaitio Member, between KBS tuff and KS4 
Omo-Turkana  Kokiselei (KS1) Nachukui Upper Kaitio Member, between KBS tuff and KS4 
Omo-Turkana  Kokiselei (KS1) Nachukui Upper Kaitio Member, between KBS tuff and KS4 
Omo-Turkana  Kokiselei (KS1) Nachukui Upper Kaitio Member, between KBS tuff and KS4 
Omo-Turkana  Kokiselei (KS1) Nachukui Upper Kaitio Member, between KBS tuff and KS4 
Omo-Turkana  Kokiselei (KS1) Nachukui Upper Kaitio Member, between KBS tuff and KS4 
Omo-Turkana  Kokiselei (KS1) Nachukui Upper Kaitio Member, between KBS tuff and KS4 
Omo-Turkana  Kokiselei (KS1) Nachukui Upper Kaitio Member, between KBS tuff and KS4 
Omo-Turkana  Kokiselei (KS1) Nachukui Upper Kaitio Member, between KBS tuff and KS4 
SW Kenya Kanjera South Kanjera KS-2 
SW Kenya Kanjera South Kanjera KS-2 
SW Kenya Kanjera South Kanjera KS-2 
SW Kenya Kanjera South Kanjera KS-2 
SW Kenya Kanjera South Kanjera KS-2 
SW Kenya Kanjera South Kanjera KS-2 
SW Kenya Kanjera South Kanjera KS-2 
SW Kenya Kanjera South Kanjera KS-2 
SW Kenya Kanjera South Kanjera KS-2 
SW Kenya Kanjera South Kanjera KS-2 
SW Kenya Kanjera South Kanjera KS-2 
Afar ARA-VP-6 Sagantole  Lower Aramis Member, between GATC and DABT 
Afar ARA-VP-1 Sagantole  Lower Aramis Member, between GATC and DABT 
Afar ARA-VP-1 Sagantole  Lower Aramis Member, between GATC and DABT 
Afar ARA-VP-1 Sagantole  Lower Aramis Member, between GATC and DABT 
Afar ARA-VP-1 Sagantole  Lower Aramis Member, between GATC and DABT 
Afar ARA-VP-1 Sagantole  Lower Aramis Member, between GATC and DABT 
Afar ARA-VP-1 Sagantole  Lower Aramis Member, between GATC and DABT 
Afar ARA-VP-1 Sagantole  Lower Aramis Member, between GATC and DABT 
Afar ARA-VP-1 Sagantole  Lower Aramis Member, between GATC and DABT 
Afar ARA-VP-1 Sagantole  Lower Aramis Member, between GATC and DABT 
Afar ARA-VP-1 Sagantole  Lower Aramis Member, between GATC and DABT 
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Afar ARA-VP-6 Sagantole  Lower Aramis Member, between GATC and DABT 
Afar ARA-VP-1 Sagantole  Lower Aramis Member, between GATC and DABT 
Afar ARA-VP-6 Sagantole  Lower Aramis Member, between GATC and DABT 
Afar ARA-VP-1 Sagantole  Lower Aramis Member, between GATC and DABT 
Afar ARA-VP-1 Sagantole  Lower Aramis Member, between GATC and DABT 
Afar ARA-VP-6 Sagantole  Lower Aramis Member, between GATC and DABT 
Afar ARA-VP-1 Sagantole  Lower Aramis Member, between GATC and DABT 
Afar ARA-VP-1 Sagantole  Lower Aramis Member, between GATC and DABT 
Afar ARA-VP-6 Sagantole  Lower Aramis Member, between GATC and DABT 
Afar ARA-VP-1 Sagantole  Lower Aramis Member, between GATC and DABT 
Afar ARA-VP-1 Sagantole  Lower Aramis Member, between GATC and DABT 
Afar ARA-VP-1 Sagantole  Lower Aramis Member, between GATC and DABT 
Afar ARA-VP-1 Sagantole  Lower Aramis Member, between GATC and DABT 
Afar KUS-VP-2 Sagantole  Lower Aramis Member, between GATC and DABT 
Afar ARA-VP-1  Sagantole  Lower Aramis Member, between GATC and DABT 
Afar ARA-VP-1  Sagantole  Lower Aramis Member, between GATC and DABT 
Afar SAG-VP-7 Sagantole  Lower Aramis Member, between GATC and DABT 
Afar SAG-VP-7 Sagantole  Lower Aramis Member, between GATC and DABT 
Afar ARA-VP-6 Sagantole  Lower Aramis Member, between GATC and DABT 
Afar ARA-VP-6 Sagantole  Lower Aramis Member, between GATC and DABT 
Afar ARA-VP-6 Sagantole  Lower Aramis Member, between GATC and DABT 
Afar ARA-VP-6 Sagantole  Lower Aramis Member, between GATC and DABT 
Afar ARA-VP-2 Sagantole  Lower Aramis Member, between GATC and DABT 
Afar ARA-VP-1 Sagantole  Lower Aramis Member, between GATC and DABT 
Afar ARA-VP-7 Sagantole  Lower Aramis Member, between GATC and DABT 
Afar ARA-VP-1 Sagantole  Lower Aramis Member, between GATC and DABT 
Afar ARA-VP-1 Sagantole  Lower Aramis Member, between GATC and DABT 
Afar ARA-VP-7 Sagantole  Lower Aramis Member, between GATC and DABT 
Afar ARA-VP-7 Sagantole  Lower Aramis Member, between GATC and DABT 
Afar ARA-VP-1 Sagantole  Lower Aramis Member, between GATC and DABT 
Afar ARA-VP-1 Sagantole  Lower Aramis Member, between GATC and DABT 
Afar ARA-VP-1 Sagantole  Lower Aramis Member, between GATC and DABT 
Afar ARA-VP-1 Sagantole  Lower Aramis Member, between GATC and DABT 
Afar ARA-VP-17 Sagantole  Lower Aramis Member, between GATC and DABT 
Afar ARA-VP-1 Sagantole  Lower Aramis Member, between GATC and DABT 
Afar ARA-VP-7 Sagantole  Lower Aramis Member, between GATC and DABT 
Afar ARA-VP-1 Sagantole  Lower Aramis Member, between GATC and DABT 
Afar ARA-VP-6 Sagantole  Lower Aramis Member, between GATC and DABT 
Afar ARA-VP-1 Sagantole  Lower Aramis Member, between GATC and DABT 
Afar ARA-VP-1 Sagantole  Lower Aramis Member, between GATC and DABT 
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APPENDIX 3 FOR CHAPTER 4 CONT.    
Family Taxon Specimen ID δ18Oenamel VPDB Isotope Reference 
Bovidae Hippotragini FwJj20-7923.t 1.7 this study 
Elephantidae  FwJj20-5452.t -2.6 this study 
Elephantidae  FwJj20-5940.t -1.7 this study 
Elephantidae  FwJj20-8275.t -1.5 this study 
Elephantidae  FwJj20-10350.t -1.2 this study 
Elephantidae  FwJj20-5042.t -1.0 this study 
Hippopotamidae c.f. Hippopotamus gorgops FwJj20-5076.t -3.1 this study 
Hippopotamidae cf. Hippopotamus karumensis FwJj20-6869.t -4.9 this study 
Hippopotamidae cf. Hippopotamus karumensis FwJj20-5850.t -4.8 this study 
Hippopotamidae cf. Hippopotamus karumensis FwJj20-5654.t -4.6 this study 
Hippopotamidae cf. Hippopotamus karumensis FwJj20-5238.t -4.4 this study 
Hippopotamidae cf. Hippopotamus karumensis FwJj20-8684.t -4.3 this study 
Hippopotamidae cf. Hippopotamus karumensis FwJj20-8657.t -4.2 this study 
Hippopotamidae cf. Hippopotamus karumensis FwJj20-7081.t -4.1 this study 
Hippopotamidae cf. Hippopotamus karumensis FwJj20-8390.t -3.5 this study 
Rhinoceratidae FwJj20-7818.t -0.8 this study 
Rhinoceratidae FwJj20-8403.t -0.3 this study 
Elephantidae Elephas recki KNM ER 767 0.5 Cerling et al. 2003 
Elephantidae Elephas recki ileretensis KNM ER 927 -3.9 Cerling et al. 2003 
Elephantidae Elephas recki ileretensis KNM ER 1302 -3.2 Cerling et al. 2003 
Elephantidae Elepha recki shungurensis ER 5871 -1.0 Cerling et al. 2003 
Elephantidae Loxodonta adaurora kararae ER 4910 -1.5 Cerling et al. 2003 
Elephantidae Elephas recki brumpti KNM ER 4106 2.7 Cerling et al. 2003 
Elephantidae Loxodonta adaurora adaurora KNM ER 2101 2.5 Cerling et al. 2003 
Elephantidae Loxodonta exoptata KNM ER 4939 -1.2 Cerling et al. 2003 
Elephantidae Loxodonta adaurora adaurora KNM ER 3196 -0.1 Cerling et al. 2003 
Giraffidae Giraffa jumae KNM ER 664 2.7 Cerling et al. 2011 
Giraffidae Giraffa pygmaea KNM ER 1492 2.1 Cerling et al. 2011 
Giraffidae Giraffa stillei KNM ER 932 3.8 Cerling et al. 2011 
Giraffidae Giraffa stillei KNM ER 1495 3.8 Cerling et al. 2011 
Hippopotamidae Hippopotamus aethiopicus KNM ER 2045 -5.7 Cerling et al. 2011 
Hippopotamidae Hippopotamus aethiopicus KNM ER 5512 -4.7 Cerling et al. 2011 
Hippopotamidae Hippopotamus aethiopicus KNM ER 5573 -2.1 Cerling et al. 2011 
Hippopotamidae Hippopotamus aethiopicus KNM ER 5502 1.2 Cerling et al. 2011 
Hippopotamidae Hippopotamus gorgops KNM ER 1396 -5.7 Cerling et al. 2011 
Hippopotamidae Hippopotamus gorgops KNM ER 5543 -4.8 Cerling et al. 2011 
Hippopotamidae Hippopotamus gorgops KNM ER 1409 -3.9 Cerling et al. 2011 
Hippopotamidae Hippopotamus gorgops KNM ER 1427 -2.7 Cerling et al. 2011 
Hippopotamidae Hippopotamus karumensis KNM ER 5501 -5.0 Cerling et al. 2011 
Hippopotamidae Hippopotamus karumensis KNM ER 5500 -3.5 Cerling et al. 2011 
Hippopotamidae Hippopotamus karumensis KNM ER 5577 -2.6 Cerling et al. 2011 
Hippopotamidae Hippopotamus sp. F20004 -4.2 Cerling et al. 2011 
Hippopotamidae Hippopotamus aethiopicus KNM ER 5576 -3.0 Cerling et al. 2011 
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Hippopotamidae Hippopotamus aethiopicus KNM ER 638 -2.6 Cerling et al. 2011 
Hippopotamidae Hippopotamus aethiopicus KNM ER 671 -2.3 Cerling et al. 2011 
Hippopotamidae Hippopotamus gorgops KNM ER 5510 -3.0 Cerling et al. 2011 
Hippopotamidae Hippopotamus gorgops KNM ER 5513 -1.8 Cerling et al. 2011 
Hippopotamidae Hippopotamus gorgops KNM ER 5509 -0.7 Cerling et al. 2011 
Hippopotamidae Hippopotamus gorgops KNM ER 637 -0.5 Cerling et al. 2011 
Hippopotamidae Hippopotamus karumensis KNM ER 5648 -5.7 Cerling et al. 2011 
Hippopotamidae Hippopotamus karumensis KNM ER 2186 -4.1 Cerling et al. 2011 
Hippopotamidae Hippopotamus karumensis KNM ER 5464 -3.8 Cerling et al. 2011 
Hippopotamidae Hippopotamus karumensis KNM ER 1422 -2.7 Cerling et al. 2011 
Hippopotamidae Hippopotamus aethiopicus KNM ER 1412 -0.2 Harris et al. 2008 
Hippopotamidae aff. Hippopotamus aethiopicus KNM DF 623 -2.9 Harris et al. 2008 
Hippopotamidae aff. Hippopotamus karumensis KNM ER 4887 -4.5 Harris et al. 2008 
Hippopotamidae aff. Hippopotamus karumensis KNM-ER 943 -3.6 Harris et al. 2008 
Hippopotamidae aff. Hippopotamus karumensis KNM ER 2184 -3.5 Harris et al. 2008 
Hippopotamidae aff. Hippopotamus karumensis KNM ER 1426 -3.3 Harris et al. 2008 
Hippopotamidae Hippopotamus gorgops KNM ER 1394 -4.8 Harris et al. 2008 
Hippopotamidae Hippopotamus gorgops KNM ER 1514 -3.9 Harris et al. 2008 
Hippopotamidae Hippopotamus gorgops KNM ER 2279 -1.9 Harris et al. 2008 
Hippopotamidae Hippopotamus gorgops KNM ER 785 0.6 Harris et al. 2008 
Hippopotamidae aff. Hippopotamus protamphibius KNM ER 2802 -5.8 Harris et al. 2008 
Hippopotamidae aff. Hippopotamus protamphibius KNM ER 2804 -5.1 Harris et al. 2008 
Hippopotamidae aff. Hippopotamus protamphibius KNM ER 2801 -2.7 Harris et al. 2008 
Hippopotamidae aff. Hippopotamus protamphibius KNM ER 2803 -1.1 Harris et al. 2008 
Hippopotamidae aff. Hippopotamus protamphibius KNM ER 4119 -3.1 Harris et al. 2008 
Hippopotamidae aff. Hippopotamus protamphibius KNM ER 4120 -2.8 Harris et al. 2008 
Hippopotamidae aff. Hippopotamus protamphibius KNM ER 5231 -0.8 Harris et al. 2008 
Hippopotamidae aff. Hippopotamus sp. KNM ER 3638 -4.0 Harris et al. 2008 
Hippopotamidae aff. Hippopotamus sp. KNM ER 3631 -3.8 Harris et al. 2008 
Hippopotamidae aff. Hippopotamus sp. KNM MS 4891a -3.6 Harris et al. 2008 
Hippopotamidae aff. Hippopotamus sp. KNM ER 3645 -2.2 Harris et al. 2008 
Hippopotamidae aff. Hippopotamus sp. KNM ER 3645 -1.7 Harris et al. 2008 
Hippopotamidae aff. Hippopotamus sp. 261-1G -0.6 Harris et al. 2008 
Hippopotamidae aff. Hippopotamus protamphibius KNM ER 6171 -2.5 Harris et al. 2008 
Elephantidae  104-B6.1t -0.4 this study 
Elephantidae  104-B11.1t -0.1 this study 
Elephantidae  104-A9.1t 0.4 this study 
Elephantidae  105-1311-3.4.t -1.6 this study 
Elephantidae  105-1311-18.1.t -1.3 this study 
Elephantidae  105-1311-3.5.t -1.2 this study 
Hippopotamidae 104-A3.3.t -2.6 this study 
Hippopotamidae 104-B24.1.t -1.2 this study 
Hippopotamidae 104-B17.3t -1.1 this study 
Hippopotamidae FxJj3-40.t -4.5 this study 
Hippopotamidae 105-1311-3.6.t -4.3 this study 
Hippopotamidae 105-1311-3.7.t -1.1 this study 
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Rhinocerotidae 105-1311-2.1t 3.4 this study 
Elephantidae Loxodonta 23 -2.6 Drapeau et al. 2014 
Elephantidae Loxodonta 5 -2.0 Drapeau et al. 2014 
Elephantidae Loxodonta 3214 -1.0 Drapeau et al. 2014 
Elephantidae Loxodonta 136 -0.3 Drapeau et al. 2014 
Elephantidae Loxodonta 141 0.4 Drapeau et al. 2014 
Elephantidae Loxodonta 63 0.8 Drapeau et al. 2014 
Elephantidae Loxodonta 3082 0.8 Drapeau et al. 2014 
Elephantidae Loxodonta 39 1.3 Drapeau et al. 2014 
Elephantidae Loxodonta 64 1.4 Drapeau et al. 2014 
Elephantidae  70 -3.4 Drapeau et al. 2014 
Elephantidae  100 -1.6 Drapeau et al. 2014 
Elephantidae  140 -1.6 Drapeau et al. 2014 
Elephantidae  3081 -1.4 Drapeau et al. 2014 
Elephantidae  101 -1.2 Drapeau et al. 2014 
Elephantidae  99 -1.1 Drapeau et al. 2014 
Elephantidae  138 -0.1 Drapeau et al. 2014 
Hippopotamidae Hippopotamus 4037 -2.1 Drapeau et al. 2014 
Hippopotamidae  1 -5.2 Drapeau et al. 2014 
Hippopotamidae  45 -3.7 Drapeau et al. 2014 
Hippopotamidae  50 -3.6 Drapeau et al. 2014 
Hippopotamidae  71 0.0 Drapeau et al. 2014 
Rhinocerotidae Diceros sp. 93 -0.7 Drapeau et al. 2014 
Elephantidae Elephas ekorensis  -1.3 Harris et al. 2003 
Elephantidae Elephas ekorensis  2.4 Harris et al. 2003 
Elephantidae Loxodonta adaurora  -0.4 Harris et al. 2003 
Elephantidae Loxodonta adaurora  0.9 Harris et al. 2003 
Elephantidae Loxodonta adaurora  1.1 Harris et al. 2003 
Elephantidae Loxodonta adaurora  1.1 Harris et al. 2003 
Elephantidae Loxodonta adaurora  2.2 Harris et al. 2003 
Giraffidae Sivatherium cf. S. hendeyi  8.6 Harris et al. 2003 
Rhinocerotidae   4.7 Harris et al. 2003 
Elephantidae Elephas ekorensis KNMKP-395.t 0.0 this study 
Elephantidae Elephas ekorensis KNMKP-402B.t 0.2 this study 
Elephantidae Elephas ekorensis KNMKP-382.t 0.2 this study 
Elephantidae Elephas ekorensis KNMKP-411.t 1.6 this study 
Elephantidae Loxodonta adaurora KNMKP-28441.t -2.7 this study 
Elephantidae Loxodonta adaurora KNMKP-383.t -1.7 this study 
Elephantidae Loxodonta adaurora KNMKP-389.t -1.0 this study 
Elephantidae Loxodonta adaurora KNMKP-390C.t 0.1 this study 
Giraffidae Giraffa stillei KNMKP-30637a.t 3.9 this study 
Giraffidae Giraffa stillei KNMKP-30637b.t 5.7 this study 
Giraffidae Sivatherium cf. S. hendeyi KNMKP-30227.t 7.9 this study 
Hippopotamidae Hexaprotodon protamphibius KNMKP-11.t -4.2 this study 
Hippopotamidae Hexaprotodon protamphibius KNMKP-30211.t -3.8 this study 
Hippopotamidae Hexaprotodon protamphibius KNMKP-30210.t -2.6 this study 
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Hippopotamidae Hexaprotodon protamphibius KNMKP-30209.t -1.4 this study 
Hippopotamidae Hexaprotodon protamphibius KNMKP-30224.t -1.3 this study 
Hippopotamidae Hexaprotodon protamphibius KNMKP-26J.t -0.3 this study 
Rhinoceratidae Ceratotherium praecox KNMKP-38.t -1.5 this study 
Rhinoceratidae Diceros bicornis KNMKP-35.t 0.2 this study 
Rhinoceratidae Diceros bicornis KNMKP-30472.t 2.0 this study 
Rhinoceratidae Diceros bicornis KNMKP-40.t 2.4 this study 
Rhinoceratidae  KNMKP-504.t 2.3 this study 
Rhinocerotidae Ceratotherium praecox LT-26283 -0.2 Cerling et al. 2003 
Elephantidae   -2.9 Schoeninger et al. 2003 
Elephantidae   -2.0 Schoeninger et al. 2003 
Elephantidae   -1.7 Schoeninger et al. 2003 
Elephantidae   -1.1 Schoeninger et al. 2003 
Elephantidae   -0.7 Schoeninger et al. 2003 
Giraffidae   -2.1 Schoeninger et al. 2003 
Giraffidae   0.8 Schoeninger et al. 2003 
Giraffidae   1.2 Schoeninger et al. 2003 
Hippopotamidae   -7.0 Schoeninger et al. 2003 
Hippopotamidae   -6.9 Schoeninger et al. 2003 
Hippopotamidae   -5.6 Schoeninger et al. 2003 
Hippopotamidae   -3.7 Schoeninger et al. 2003 
Hippopotamidae   -1.6 Schoeninger et al. 2003 
Hippopotamidae   0.3 Schoeninger et al. 2003 
Hippopotamidae   1.9 Schoeninger et al. 2003 
Elephantidae Loxodonta audorora KNMER-43794.t 0.5 this study 
Elephantidae  KNMER-43443.t -0.6 this study 
Hippopotamidae Hexaprotodon protoamphibius KNMER-39488.t -4.9 this study 
Hippopotamidae  KNMKP-43139.t -4.3 this study 
Hippopotamidae  KNMKP-43131.t -3.6 this study 
Hippopotamidae  KNMKP-30349.tRM3.t -3.5 this study 
Hippopotamidae  KNMKP-30349.rp2-3.t -2.3 this study 
Hippopotamidae  KNMKP-30349.tM1.t -2.2 this study 
Hippopotamidae  KNMKP-39470.t -2.1 this study 
Rhinoceratidae  KNMER-42511.t 1.8 this study 
Rhinoceratidae  KNMER-42510.t 2.2 this study 
Rhinoceratidae  KNMER-42516.t 2.3 this study 
Rhinoceratidae  KNMER-42506.t 2.4 this study 
Rhinoceratidae  KNMER-42508.t 3.0 this study 
Elephantidae Stegotetrabelodon  WT-2632 -2.4 Cerling et al. 2003 
Elephantidae Stegotetrabelodon orbus LT 26337 -2.7 Cerling et al. 2003 
Elephantidae Stegotetrabelodon orbus LT 26337 -2.2 Cerling et al. 2003 
Elephantidae  LOTH-61 -1.9 Cerling et al. 2003 
Elephantidae  LOTH-118 -1.3 Cerling et al. 2003 
Elephantidae  LT 26323 -1.2 Cerling et al. 2003 
Hippopotamidae Hexaprotodon sp. Indet. LOTH-109 -5.2 Cerling et al. 2003 
Hippopotamidae Hexaprotodon sp. Indet. LOTH-102 -4.5 Cerling et al. 2003 
	 419 
Hippopotamidae Hexaprotodon sp. Indet. LOTH-112 -4.0 Cerling et al. 2003 
Hippopotamidae Hexaprotodon sp. Indet. LOTH-62 -3.8 Cerling et al. 2003 
Hippopotamidae Hexaprotodon sp. Indet. LOTH-63 -3.7 Cerling et al. 2003 
Hippopotamidae Hexaprotodon sp. Indet. LOTH-102 -3.2 Cerling et al. 2003 
Hippopotamidae Hexaprotodon sp. Indet. LOTH-102 -2.9 Cerling et al. 2003 
Hippopotamidae Hexaprotodon sp. Indet. LOTH-104 -1.4 Cerling et al. 2003 
Hippopotamidae Hexaprotodon sp. Indet. LOTH-99 0.2 Cerling et al. 2003 
Rhinocerotidae Brachypotherium lewisi LT-90 2.0 Cerling et al. 2003 
Rhinocerotidae  LOTH-117 -1.2 Cerling et al. 2003 
Rhinocerotidae  LOTH-58 -1.0 Cerling et al. 2003 
Rhinocerotidae  LOTH-116 0.6 Cerling et al. 2003 
Rhinocerotidae  LOTH-117 1.0 Cerling et al. 2003 
Rhinocerotidae  LOTH-117 1.1 Cerling et al. 2003 
Rhinocerotidae  LOTH-115 2.3 Cerling et al. 2003 
Elephantidae Loxodonta KNMWT-39251.t 2.1 this study 
Hippopotamidae Hexaprotodon cf. protamphibius KNMWT-39764.t -4.8 this study 
Hippopotamidae Hexaprotodon protamphibius KNMWT-14751.t -5.3 this study 
Hippopotamidae Hexaprotodon protamphibius KNMWT-14750.t -2.9 this study 
Bovidae Hippotragini KNMWT-14891.t -0.5 this study 
Bovidae Hippotragini KNMWT-38235.t 1.4 this study 
Bovidae Tragelaphini KNMWT-16497.t -1.1 this study 
Bovidae Hippotragini KNMWT-39166.t -4.6 this study 
Elephantidae Elephas recki KNMWT-38967.t -3.9 this study 
Elephantidae Elephas recki recki KNMWT-14538.t -1.8 this study 
Elephantidae Elephas recki recki KNMWT-14983.t -1.7 this study 
Elephantidae Elephas recki  KNMWT-39260.t -0.6 this study 
Elephantidae Elephas recki cf ileretensis KNMWT-17497.t -0.9 this study 
Elephantidae Loxodonta sp. KNMWT-17470.t 0.8 this study 
Elephantidae Elephas recki shungurensis KNMWT-16679.t -0.7 this study 
Elephantidae Loxodonta audorora KNMWT-38968.t -2.5 this study 
Elephantidae Elephas recki KNMWT-39256.t -0.7 this study 
Elephantidae Elephas recki KNMWT-39250.t 1.2 this study 
Elephantidae Elephas recki shungurensis KNMWT-16232B.t -1.8 this study 
Elephantidae Elephas recki shungurensis KNMWT-16680.t -1.1 this study 
Elephantidae Elephas recki shungurensis KNMWT-16231.t 0.9 this study 
Elephantidae Elephas recki KNMWT-16457.t 1.2 this study 
Elephantidae Elephas recki KNMWT-16455.t 1.8 this study 
Giraffidae Sivatherium maurusium KNMWT-16221.t 8.6 this study 
Giraffidae Giraffa sp. KNMWT-16228.t 4.6 this study 
Giraffidae Giraffa sp. KNMWT-16224.t 5.4 this study 
Giraffidae Giraffa sp. KNMWT-16218.t 2.9 this study 
Hippopotamidae Hippopotamidae KNMWT-39228.t -1.2 this study 
Hippopotamidae Hippopotamus aethiopicus KNMWT-14974.t -0.2 this study 
Hippopotamidae Hippopotamus gorgpos KNMWT-14977.t -1.8 this study 
Hippopotamidae Hexaprotodon karumensis KNMWT-14979.t 1.8 this study 
Hippopotamidae Hippopotamus aethiopicus KNMWT-16061.t 0.5 this study 
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Hippopotamidae Hippopotamus aethiopicus KNMWT-17462.t 0.6 this study 
Hippopotamidae cf. Hippopotamus KNMWT-39231.t -5.3 this study 
Hippopotamidae Hexaprotodon karumensis KNMWT-14506B.t -1.3 this study 
Hippopotamidae Hippopotamus gorgpos KNMWT-17474.t -4.5 this study 
Hippopotamidae Hexaprotodon protamphibius KNMWT-16378.t -4.9 this study 
Hippopotamidae Hexaprotodon protamphibius KNMWT-16375.t -4.4 this study 
Hippopotamidae Hippopotamidae KNMWT-38851.t -4.7 this study 
Hippopotamidae  KNMWT-38806.t -4.1 this study 
Rhinocerotidae Diceros sp. KNMWT-19662.t 1.7 this study 
Rhinocerotidae Diceros bicornis KNMWT-16726.t 0.8 this study 
Rhinocerotidae Diceros sp. KNMWT-16727.t 0.9 this study 
Rhinocerotidae Diceros sp. KNMWT-16730.t 1.3 this study 
Hippopotamidae  OMO 331-10003 -5.5 Souron et al. 2012 
Hippopotamidae  OMO 331-10003 0.4 Souron et al. 2012 
Bovidae Hippotragini KNMWT-39078.t -2.4 this study 
Bovidae Hippotragini KNMWT-39038.t -0.9 this study 
Elephantidae Elephas recki brumpti KNMWT-16009.t -3.6 this study 
Elephantidae Elephas recki brumpti KNMWT-16009B.t -3.1 this study 
Elephantidae Elephas recki brumpti KNMWT-16008.t -2.9 this study 
Elephantidae Elephas recki brumpti KNMWT-39295.t -2.7 this study 
Elephantidae Elephas recki brumpti KNMWT-16010.t -2.7 this study 
Elephantidae Elephas recki brumpti KNMWT-16013.t -2.5 this study 
Elephantidae Elephas recki shungurensis KNMWT-16011.t -1.6 this study 
Elephantidae Loxodonta adaurora KNMWT-16594.t -2.4 this study 
Giraffidae Giraffa sp. KNMWT-16219.t -0.3 this study 
Giraffidae Giraffa sp. KNMWT-39871.t 3.0 this study 
Hippopotamidae Hexaprotodon protamphibius KNMWT-16382.t -3.6 this study 
Hippopotamidae Hippopotamus KNMWT-39684.t -4.0 this study 
Hippopotamidae  KNMWT-39759.t 0.9 this study 
Rhinocerotidae Diceros praecox KNMWT-39596.t -4.4 this study 
Rhinocerotidae Diceros praecox KNMWT-16728.t -0.8 this study 
Rhinocerotidae  KNMWT-39597.t -3.1 this study 
Rhinocerotidae  KNMWT-39661.t  -2.3 this study 
Bovidae Tragelaphini KS2-A 3 0.4 Jehle 2013  
Bovidae Tragelaphini KS2-A8 0.9 Jehle 2013  
Giraffidae  KS2-O2 0.4 Jehle 2013  
Giraffidae  KS2-gir surf 1.1 Jehle 2013  
Rhinocerotidae Ceratotherium sp. KS2-O2 C -0.3 Jehle 2013  
Rhinocerotidae Ceratotherium sp. KS2-A10 0.0 Jehle 2013  
Rhinocerotidae Ceratotherium sp. KS2-A 5 0.3 Jehle 2013  
Rhinocerotidae Ceratotherium sp. KS2-A7 1.3 Jehle 2013  
Bovidae Tragelaphini KS1-1G-20 -2.6 this study 
Bovidae Tragelaphini KS1-G11s (1) trag -1.7 this study 
Bovidae Tragelaphini KS1-H11 -1.6 this study 
Bovidae Tragelaphini KS1-IV-0 (trag) -1.5 this study 
Bovidae Tragelaphini KS1-G11 trag -1.3 this study 
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Bovidae Tragelaphini KS1-H10 -0.9 this study 
Bovidae Tragelaphini KS1-IX red. -0.5 this study 
Bovidae Tragelaphini KS1-A49 trag. -0.1 this study 
Bovidae Tragelaphini KS1-O49-26 0.0 this study 
Bovidae Tragelaphini KS1-XVIII trag 0.0 this study 
Bovidae Tragelaphini KS1-XXII 0.3 this study 
Bovidae Tragelaphini KS1-XV 0.4 this study 
Bovidae Tragelaphini KS1-VIII trag 2 0.6 this study 
Bovidae Tragelaphini KS1-VIII trag 0.8 this study 
Bovidae Tragelaphini KS1-Q50-23 0.8 this study 
Bovidae Tragelaphini KS1-F51 0.9 this study 
Hippopotamidae Hippopotamus gorgpos KNMWT-17419.t -2.4 this study 
Hippopotamidae  KS1-IX sm -3.3 this study 
Hippopotamidae  KS1-IX lg -0.5 this study 
Hippopotamidae  KS1-20.7.10 0.3 this study 
Rhinocerotidae Ceratotherium sp. KS1-XIII_S -2.0 this study 
Rhinocerotidae Ceratotherium sp. KS1-XIX (2) -1.4 this study 
Rhinocerotidae Ceratotherium sp. KS1-IX rhino -1.3 this study 
Rhinocerotidae Ceratotherium sp. KS1-XIX (1) -1.1 this study 
Rhinocerotidae Ceratotherium sp. KS1-XIII-N rhino -0.4 this study 
Rhinocerotidae Ceratotherium sp. KS1-XIII N (1) -0.2 this study 
Rhinocerotidae Ceratotherium sp. KS1-XIX (3) 0.1 this study 
Rhinocerotidae Ceratotherium sp. KS1-XIII N (2) 0.9 this study 
Bovidae Tragelaphini 13490 -0.4 Plummer et al 2009 
Bovidae Tragelaphini 3333 0.1 Plummer et al 2009 
Hippopotamidae  10188 -2.8 Plummer et al 2009 
Hippopotamidae  8 -2.2 Plummer et al 2009 
Hippopotamidae  792 -1.6 Plummer et al 2009 
Hippopotamidae  17990 -1.2 Plummer et al 2009 
Hippopotamidae  5004 -1.2 Plummer et al 2009 
Hippopotamidae  8898 -0.3 Plummer et al 2009 
Hippopotamidae  7211 0.2 Plummer et al 2009 
Bovidae Tragelaphini 13490 0.2 this study 
Bovidae Tragelaphini SBK-13E-543 0.9 this study 
Bovidae Hippotragini 1560 2.3 White et al. 2009 
Bovidae Hippotragini 668 4.3 White et al. 2009 
Bovidae Tragelaphini 2162 -2.5 White et al. 2009 
Bovidae Tragelaphini 2145 -0.6 White et al. 2009 
Bovidae Tragelaphini 1019 4.4 White et al. 2009 
Bovidae Tragelaphini 2413 -3.1 White et al. 2009 
Bovidae Tragelaphini 279 -2.7 White et al. 2009 
Bovidae Tragelaphini 2590 -1.8 White et al. 2009 
Bovidae Tragelaphini 3096 -1.2 White et al. 2009 
Bovidae Tragelaphini 3137 1.7 White et al. 2009 
Bovidae Tragelaphini 3100 2.0 White et al. 2009 
Bovidae Tragelaphini 500a 2.2 White et al. 2009 
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Bovidae Tragelaphini 420 3.3 White et al. 2009 
Bovidae Tragelaphini 1813 7.4 White et al. 2009 
Bovidae Tragelaphini 72 -0.6 White et al. 2009 
Bovidae Tragelaphini 114 2.3 White et al. 2009 
Giraffidae Giraffa 67 3.6 White et al. 2009 
Giraffidae Giraffa 52 5.0 White et al. 2009 
Giraffidae Giraffa 957 6.0 White et al. 2009 
Giraffidae Giraffa aff. Stillei 438 5.6 White et al. 2009 
Giraffidae Sivatherium 1196 4.0 White et al. 2009 
Giraffidae Sivatherium 1052 5.5 White et al. 2009 
Giraffidae Sivatherium 1329 6.1 White et al. 2009 
Giraffidae Sivatherium 1137 7.0 White et al. 2009 
Hippopotamidae  66a -9.0 White et al. 2009 
Hippopotamidae  2120 -7.0 White et al. 2009 
Hippopotamidae  2807 -5.3 White et al. 2009 
Hippopotamidae  59 -4.0 White et al. 2009 
Hippopotamidae  123 -3.4 White et al. 2009 
Hippopotamidae  764c -2.4 White et al. 2009 
Hippopotamidae  764a -2.2 White et al. 2009 
Hippopotamidae  764b -1.1 White et al. 2009 
Hippopotamidae  764b-2 -0.8 White et al. 2009 
Rhinoceratidae  65 -8.7 White et al. 2009 
Rhinoceratidae  1360 -1.5 White et al. 2009 
Rhinoceratidae  16b -1.0 White et al. 2009 
Rhinoceratidae  1473 -0.7 White et al. 2009 
Rhinoceratidae  1399 -0.5 White et al. 2009 
Rhinoceratidae  16c -0.4 White et al. 2009 
Rhinoceratidae  16d -0.4 White et al. 2009 
Rhinoceratidae  855 0.2 White et al. 2009 
Rhinoceratidae  1588 0.4 White et al. 2009 
Rhinoceratidae  1382 0.8 White et al. 2009 
Rhinoceratidae  1671 0.8 White et al. 2009 
Rhinoceratidae  40 1.2 White et al. 2009 
Rhinoceratidae  1253 1.3 White et al. 2009 
Rhinoceratidae  16e 2.0 White et al. 2009 
Rhinoceratidae  1711 2.7 White et al. 2009 
Rhinoceratidae  768 3.2 White et al. 2009 
Rhinoceratidae  711 3.5 White et al. 2009 




APPENDIX FOR CHAPTER 5: SIMS data       



















      A B C D E F G 
          
Sample Mount UWA-1 STD and Woodrat Tooth. January 17, 2012       
UWA-1 (UW Fluorapatite)           
20120117@9 UW-Apatite 1 stopped    10.878       
20120117@10 
UW-Apatite 1 iP = 38 
pA   12.195 
0.50
6     
          
20120117@11 
UW-Apatite 1 iP = 33 
pA   12.649 
0.37
2     
20120117@12 UW-Apatite 1   11.975 
0.42
5     
20120117@13 UW-Apatite 1   12.580 
0.71
0     
20120117@14 UW-Apatite 1     12.699 
0.54
0     
Average and  ±2SD    12.476 
0.67
5     
           
20120117@15 UW-Apatite 1 Grain 2    12.268 
0.48
8     
20120117@16 UW-Apatite 1 Grain 2   12.714 
0.40
3     
20120117@17 UW-Apatite 1 Grain 2   12.612 
0.49
1     
20120117@18 UW-Apatite 1 Grain 2     12.351 
0.49
6     
Average and  ±2SD    12.486 
0.42
2     
           
20120117@19 UW-Apatite 1 Grain 3    12.625 
0.46
5     
20120117@20 UW-Apatite 1 Grain 3   13.116 
0.51
4     
20120117@21 UW-Apatite 1 Grain 3   13.116 
0.54
1     
20120117@22 UW-Apatite 1 Grain 3     12.874 
0.37
5     
Average and  ±2SD    12.933 
0.47
0     
           
20120117@23 UW-Apatite 1    8.174 
0.44
8     
20120117@24 UW-Apatite, EM HV adjust 2264 V   11.489 
0.49
4     
          
UWA-1 (used as bracketing standard, beginning here)           
20120117@25 UW-Apatite-1   11.583 
0.52
1     
20120117@26 UW-Apatite-1   11.644 
0.65
2     
20120117@27 UW-Apatite-1   12.119 
0.43
6     
20120117@28 UW-Apatite-1     12.060 
0.43
0     
Average and  ±2SD    11.852 
0.55
4     
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Tooth             











3 NA NA 




3 NA NA 
20120117@32 ETD4 
pit 




3 NA NA 




3 NA NA 




3 0 innermost 




3 0.05 innermost 




3 0.11 innermost 







          
UWA-1           
20120117@38 UW-Apatite-1    11.677 
0.53
0     
20120117@39 UW-Apatite-1   11.973 
0.61
4     
20120117@40 
UW-Apatite-1, EM 
HV= 2269   12.279 
0.56
4     
20120117@41 
UW-Apatite-1, Cs res. 
185    12.452 
0.55
4     
Average and  ±2SD      12.095 
0.68
4     




2     
          
Tooth                   




6 0.31 innermost 




6 0.33 innermost 




6 0.32 innermost 



















          




6 0.54 inner 




6 0.74 inner 
20120117@47 EDL10 
high 




6 NA NA 




6 0.63 innermost 




6 0.67 innermost 




6 0.84 innermost 




6 0.84 innermost 




6 NA NA 







          
UWA-1            
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20120117@54 UW-Apatite-1   11.975 
0.43
2     
20120117@55 UW-Apatite-1, Cs reservoir=186  12.207 
0.34
6     
20120117@56 
UW-Apatite-1, EM 
HV=2272   12.296 
0.33
4     
20120117@57 UW-Apatite-1     12.524 
0.49
0     
Average and  ±2SD    12.251 
0.45
4     




3     
          
Tooth             
















































0 NA NA 
20120117@65 EDL24 
no 




0 NA NA 
20120117@66 EDL25 
no 




0 NA NA 




0 0.52 inner 




0 0.60 innermost 




0 0.58 innermost 
          
UWA-1           
20120117@70 UW-Apatite-1    11.018 
0.49
6     
20120117@71 UW-Apatite-1   10.704 
0.58
3     
20120117@72 
UW-Apatite-1, EM 
HV=2278   12.088 
0.51
7     
20120117@73 UW-Apatite-1     11.494 
0.45
0     
Average and  ±2SD    11.326 
1.20
6     




9     
          
Tooth                   




2 0.64 innermost 




2 0.67 inner 




2 0.66 inner 




2 0.65 inner 




2 0.64 inner 




2 0.64 inner 




2 0 inner 
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2 0.01 innermost 
20120117@82 EDL37 
near 




2 NA NA 
20120117@83 EDL38 
no 




2 NA NA 
20120117@84 EDL39 
inclusio




2 NA NA 




2 0.96 innermost 
          



















          
UWA-1           
20120117@86 UW-Apatite-1    11.178 
0.54
7     
20120117@87 UW-Apatite-1   11.408 
0.52
4     
20120117@88 
UW-Apatite-1, EM 
HV=2283   11.886 
0.52
8     
20120117@89 UW-Apatite-1     11.702 
0.56
9     
Average and  ±2SD    11.544 
0.62
7     




0     
          
Tooth             











8 1.01 inner 




8 1.06 innermost 




8 1.07 inner 




8 0.06 innermost 




8 0.08 inner 




8 0.14 innermost 
20120117@97 EDL48 epoxy  
-
41.181 NA NA NA NA NA 




8 0.25 inner 




8 0.29 inner 
          
UWA-1               
20120117@100 UW-Apatite-1   11.372 
0.44
4     
20120117@101 UW-Apatite-1   11.056 
0.60
5     
20120117@102 
UW-Apatite-1, EM 
HV=2289;    11.748 
0.57
2     
20120117@103 UW-Apatite-1     11.558 
0.41
9     
Average and  ±2SD    11.434 
0.59
0     




5     
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A: Instrumental bias, which is calculated as α= 
(1+δ18ORAW/1000)/(1+δ18OSTD/1000)       
B: SIMS raw measured 18O/16O ratios, converted to delta 
notation         
C: Internal error of a single 
analysis          
D: Corrected oxygen isotope ratios corrected for 
instrumental bias         
E: Error of UWA-1 standard 
brackets          
F: Measured distance from incisal tip (most mature end) to 
sample pit         
G: Assigned enamel mineralization layer (e.g. innermost, 




APPENDIX 1 FOR CHAPTER 6: Data Summary    
 




















Laikipia 5.1 2.3 2.5 0.7 50 1 
Turkana 9.2 7.8 3.5 1.1 38 1 
Lake Mburo 5.5  2.3 0.8 42 1 
Amboseli 4.1 2.6 2.1  51 2 
Kidepo 7.1  2.8 0.3 40 1 
Dikika 6.4 4.9 2.3  36 2 
       
northern Mongolia 21.0 20.4 4.5 1.1 21 3 
       
References       
1: this study       
2: Smiley, T.M. et al. 2012. Journal of Vertebrate Palaeontology. 32, Supplement 2, 173–174. 
3: Bedaso, Z.K., 2011. Ph.D. Dissertation. University of South Florida.  
       
       
Fossil teeth       






range (‰)    
Nyayanga 2.53 1.62     
KS-1 2 2.49 0.55    
KS-2 2 1.89 0.54    




APPENDIX 2 FOR CHAPTER 6: Laser ablation stable isotope data from 
extant Mongolian horse teeth 






(cm) δ13C δ18O 
MG-96-515-M3 M3.1 Inner 0.2 -12.6 -12.2 
MG-96-515-M3 M3.2 Inner 0.7 -12.0 -14.7 
MG-96-515-M3 M3.3 Inner 1.2 -13.1 -15.0 
MG-96-515-M3 M3.4 Inner 1.7 -12.9 -15.3 
MG-96-515-M3 M3.5 Inner 2.2 -13.5 -14.5 
MG-96-515-M3 M3.6 Inner 2.8 -13.6 -13.6 
MG-96-515-M3 M3.7 Inner 3.3 -13.2 -11.6 
MG-96-515-M3 M3.8 Inner 3.7 -13.0 -10.4 
MG-96-515-M3 M3.9 Inner 4.3 -11.9 -12.5 
MG-96-515-M3 M3.10 Inner 4.7 -12.3 -15.4 
MG-96-515-M3 M3.11 Inner 5.2 -11.6 -13.7 
MG-96-515-M3 M3.12 Inner 5.7 -11.4 -11.9 
MG-96-515-M3 M3.14a Inner 6.0 -11.7 -13.6 
MG-96-515-M3 M3.1b Middle 0.2 -13.0 -12.2 
MG-96-515-M3 M3.2b Middle 0.7 -12.7 -13.7 
MG-96-515-M3 M3.3b Middle 1.2 -13.0 -14.9 
MG-96-515-M3 M3.4b Middle 1.7 -13.2 -14.9 
MG-96-515-M3 M3.5b Middle 2.2 -13.7 -15.3 
MG-96-515-M3 M3.6b Middle 2.8 -13.7 -13.9 
MG-96-515-M3 M3.7b Middle 3.3 -13.9 -11.8 
MG-96-515-M3 M3.8b_ave Middle 3.7 -13.0 -11.6 
MG-96-515-M3 M3.9b Middle 4.3 -12.8 -14.2 
MG-96-515-M3 M3.10b Middle 4.7 -13.3 -14.6 
MG-96-515-M3 M3.11c Middle 5.2 -12.6 -12.2 
MG-96-515-M3 M3.12b Middle 5.7 -11.8 -12.8 
MG-96-515-M3 M3.14b Middle 6.0 -11.3 -13.5 
MG-96-515-M3 M3.1c Outer 0.2 -12.2 -13.1 
MG-96-515-M3 M3.2c Outer 0.7 -13.2 -13.8 
MG-96-515-M3 M3.3c Outer 1.2 -13.5 -13.9 
MG-96-515-M3 M3.4b Outer 1.7 -12.8 -13.8 
MG-96-515-M3 M3.5b Outer 2.2 -12.7 -13.9 
MG-96-515-M3 M3.6b Outer 2.8 -12.7 -13.7 
MG-96-515-M3 M3.7b Outer 3.3 -12.2 -12.2 
MG-96-515-M3 M3.8b Outer 3.7 -13.0 -12.6 
MG-96-515-M3 M3.9b Outer 4.3 -12.2 -13.3 
MG-96-515-M3 M3.10b Outer 4.7 -12.4 -13.1 
MG-96-515-M3 M3.11b Outer 5.2 -11.9 -11.5 
MG-96-515-M3 M3.12c Outer 5.7 -12.5 -12.2 
MG-96-518-M3 M3.1 Inner 0.5 -14.1  
MG-96-518-M3 M3.2 Inner 1.0 -13.5 -13.7 
MG-96-518-M3 M3.3 Inner 1.5 -14.7 -12.7 
MG-96-518-M3 M3.4 Inner 2.0 -14.9 -14.7 
MG-96-518-M3 M3.5 Inner 2.5 -14.2 -15.5 
MG-96-518-M3 M3.6 Inner 3.0 -13.7 -14.4 
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MG-96-518-M3 M3.7 Inner 3.5 -14.2 -14.3 
MG-96-518-M3 M3.8 Inner 4.0 -14.0 -13.2 
MG-96-518-M3 M3.9 Inner 4.5 -13.7 -12.3 
MG-96-518-M3 M3.10 Inner 5.0 -14.2 -13.1 
MG-96-518-M3 M3.11 Inner 5.5 -14.2 -14.4 
MG-96-518-M3 M3.12 Inner 6.0 -13.7 -14.4 
MG-96-518-M3 M3.13 Inner 6.5 -13.7 -16.0 
MG-96-518-M3 M3.14 Inner 7.0 -13.9 -16.2 
MG-96-518-M3 M3.3b Middle 1.5 -14.9 -13.5 
MG-96-518-M3 M3.4b Middle 2.0 -15.5 -13.6 
MG-96-518-M3 M3.6b Middle 3.0 -15.0 -14.4 
MG-96-518-M3 M3.7b Middle 3.5 -14.6 -13.3 
MG-96-518-M3 M3.8b Middle 4.0 -15.4 -12.0 
MG-96-518-M3 M3.9b Middle 4.5 -14.8 -11.5 
MG-96-518-M3 M3.10b Middle 5.0 -14.1 -11.4 
MG-96-518-M3 M3.11b Middle 5.5 -14.1 -13.5 
MG-96-518-M3 M3.12b Middle 6.0 -13.2 -13.6 
MG-96-518-M3 M3.13b Middle 6.5 -13.3 -13.6 
MG-96-518-M3 M3.14b Middle 7.0 -13.0 -14.6 
MG-96-518-M3 M3.3c Outer 1.5 -14.6 -14.7 
MG-96-518-M3 M3.5c Outer 2.5 -15.5 -14.3 
MG-96-518-M3 M3.7c Outer 3.5 -15.2 -13.3 
MG-96-518-M3 M3.8c Outer 4.0 -14.4 -12.6 
MG-96-518-M3 M3.9c Outer 4.5 -14.7 -12.6 
MG-96-518-M3 M3.10c Outer 5.0 -14.0 -12.4 
MG-96-518-M3 M3.11c Outer 5.5 -14.1 -13.2 
MG-96-518-M3 M3.13c Outer 6.5 -13.3 -13.7 
MG-96-518-M3 M3.14c Outer 7.0 -13.0 -13.6 
MG-92-578-TG-M1 M1.0a Inner 0.1 -14.8 -13.0 
MG-92-578-TG-M1 M1.1b Inner 0.5 -14.3 -14.1 
MG-92-578-TG-M1 M1.2b Inner 1.0 -16.0 -14.5 
MG-92-578-TG-M1 M1.3 Inner 1.5 -14.8 -16.4 
MG-92-578-TG-M1 M1.4 Inner 2.0 -15.9 -16.3 
MG-92-578-TG-M1 M1.5 Inner 2.5 -13.3 -16.9 
MG-92-578-TG-M1 M1.7 Inner 2.8 -15.0 -16.4 
MG-92-578-TG-M1 M1.8 Inner 3.0 -13.6 -15.9 
MG-92-578-TG-M1 M1.9a/M1.9b Inner 3.5 -14.0 -14.9 
MG-92-578-TG-M1 M1.10 Inner 4.1 -15.1 -13.9 
MG-92-578-TG-M1 M1.12 Inner 4.5 -14.3 -11.9 
MG-92-578-TG-M1 M1.21 Inner 4.8 -14.8 -12.3 
MG-92-578-TG-M1 M1.14b Inner 5.5 -14.1 -12.7 
MG-92-578-TG-M1 M1.15 Inner 6.0 -14.5 -13.5 
MG-92-578-TG-M1 M1.16 Inner 6.5 -12.6 -14.8 
MG-92-578-TG-M1 M1.17 Inner 7.0 -13.4 -15.0 
MG-92-578-TG-M1 M1.18 Inner 7.5 -14.6 -13.6 
MG-92-578-TG-M1 M1.0b Outer 0.1 -15.1 -12.8 
MG-92-578-TG-M1 M1.1c Outer 0.5 -15.3 -13.3 
MG-92-578-TG-M1 M1.2c Outer 1.0 -15.5 -14.6 
MG-92-578-TG-M1 M1.3b Outer 1.5 -15.7 -15.8 
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MG-92-578-TG-M1 M1.4b Outer 2.0 -14.1 -14.9 
MG-92-578-TG-M1 M1.5b Outer 2.5 -14.2 -15.9 
MG-92-578-TG-M1 M1.8b Outer 3.0 -15.0 -15.7 
MG-92-578-TG-M1 M1.9c Outer 3.5 -14.9 -14.7 
MG-92-578-TG-M1 M1.12c Outer 4.5 -15.5 -12.8 
MG-92-578-TG-M1 M1.14c Outer 5.5 -17.1 -13.6 
MG-92-578-TG-M1 M1.15b Outer 6.0 -16.6 -12.9 
MG-92-578-TG-M1 M1.16b Outer 6.5 -16.0 -13.2 
MG-92-578-TG-M1 M1.17b Outer 7.0 -16.1 -14.2 
MG-92-578-TG-M1 M1.18b Outer 7.5 -17.0 -13.2 
MG-92-578-TG-M3 M3.1a Inner 0.0 -14.3 -15.7 
MG-92-578-TG-M3 M3.2a Inner 0.5 -13.8 -16.0 
MG-92-578-TG-M3 M3.3a Inner 1.0 -13.9 -14.7 
MG-92-578-TG-M3 ave M3.9/10a Inner 1.3 -13.0 -13.3 
MG-92-578-TG-M3 M3.4a Inner 1.5 -14.4 -12.3 
MG-92-578-TG-M3 M3.5a Inner 2.0 -14.5 -12.0 
MG-92-578-TG-M3 M3.6a Inner 2.5 -14.7 -11.1 
MG-92-578-TG-M3 M3.7a Inner 3.0 -15.7 -10.2 
MG-92-578-TG-M3 M3.8a Inner 3.5 -16.1 -10.8 
MG-96-521-P4 P4.1 rep.1 Middle 0.1 -12.0 -17.0 
MG-96-521-P4 ave P4.1&P4.1rep Middle 0.3 -13.7 -15.8 
MG-96-521-P4 P4.2 Middle 1.0 -12.4 -16.1 
MG-96-521-P4 P4.3 Middle 1.5 -13.2 -12.0 
MG-96-521-P4 P4.4 Middle 2.0 -13.4 -11.3 
MG-96-521-P4 P4.5 Middle 2.5 -13.1 -11.2 
MG-96-521-P4 ave P4.6&P4.6 rep Middle 3.0 -13.5 -12.3 
MG-96-521-P4 P4.7 Middle 3.5 -13.6 -11.4 
MG-96-521-P4 P4.8 Middle 4.0 -13.3 -12.6 
MG-96-521-P4 P4.9 Middle 5.0 -15.2 -16.3 




APPENDIX 3 FOR CHAPTER 6: Modern equid tooth enamel data 
Sample ID Tooth 
distance from 
occlusal (cm) δ13C δ18O Location 
MG-92-578-TG M1 0.6 -14.2 -7.2 Mongolia 
MG-92-578-TG M1 1.1 -14.3 -7.1 Mongolia 
MG-92-578-TG M1 1.6 -13.9 -7.2 Mongolia 
MG-92-578-TG M1 2.0 -13.3 -9.6 Mongolia 
MG-92-578-TG M1 2.5 -13.5 -10.1 Mongolia 
MG-92-578-TG M1 3.0 -12.4 -12.2 Mongolia 
MG-92-578-TG M1 3.4 -12.2 -12.8 Mongolia 
MG-92-578-TG M1 4.0 -11.9 -13.2 Mongolia 
MG-92-578-TG M1 4.5 -12.0 -13.2 Mongolia 
MG-92-578-TG M1 4.9 -12.0 -12.3 Mongolia 
MG-92-578-TG M1 5.4 -12.3 -11.2 Mongolia 
MG-92-578-TG M1 5.8 -12.4 -10.5 Mongolia 
MG-92-578-TG M1 6.4 -12.4 -9.5 Mongolia 
MG-92-578-TG M1 6.8 -12.5 -9.1 Mongolia 
MG-92-578-TG M1 7.3 -12.5 -9.7 Mongolia 
MG-92-578-TG M1 7.8 -12.2 -11.0 Mongolia 
MG-92-578-TG M1 8.3 -12.3 -10.8 Mongolia 
MG-92-578-TG M1 8.8 -12.5 -10.2 Mongolia 
MG-92-578-TG M2 0.5 -12.1 -13.2 Mongolia 
MG-92-578-TG M2 1.0 -12.1 -13.4 Mongolia 
MG-92-578-TG M2 1.5 -12.4 -12.6 Mongolia 
MG-92-578-TG M2 1.9 -12.5 -12.1 Mongolia 
MG-92-578-TG M2 2.5 -12.5 -10.7 Mongolia 
MG-92-578-TG M2 2.9 -12.5 -10.2 Mongolia 
MG-92-578-TG M2 3.3 -12.7 -10.3 Mongolia 
MG-92-578-TG M2 3.8 -12.9 -10.0 Mongolia 
MG-92-578-TG M2 4.3 -12.8 -10.2 Mongolia 
MG-92-578-TG M2 4.7 -12.8 -10.4 Mongolia 
MG-92-578-TG M2 5.2 -12.6 -11.4 Mongolia 
MG-92-578-TG M2 5.7 -12.8 -11.5 Mongolia 
MG-92-578-TG M2 6.2 -12.6 -10.5 Mongolia 
MG-92-578-TG M2 6.7 -12.5 -10.6 Mongolia 
MG-92-578-TG M2 7.2 -12.7 -10.7 Mongolia 
MG-92-578-TG M2 7.7 -12.6 -10.5 Mongolia 
MG-92-578-TG M3 0.4 -12.2 -12.5 Mongolia 
MG-92-578-TG M3 0.8 -12.2 -12.0 Mongolia 
MG-92-578-TG M3 1.2 -12.2 -11.2 Mongolia 
MG-92-578-TG M3 1.6 -12.4 -10.4 Mongolia 
MG-92-578-TG M3 2.1 -12.4 -9.7 Mongolia 
MG-92-578-TG M3 2.6 -12.4 -9.2 Mongolia 
MG-92-578-TG M3 3.1 -12.4 -8.7 Mongolia 
MG-92-578-TG M3 3.6 -12.4 -7.8 Mongolia 
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MG-92-578-TG M3 4.1 -12.4 -8.3 Mongolia 
MG-92-578-TG P2 0.3 -12.8 -10.4 Mongolia 
MG-92-578-TG P2 0.6 -12.7 -11.3 Mongolia 
MG-92-578-TG P2 0.9 -12.7 -10.6 Mongolia 
MG-92-578-TG P2 1.4 -12.4 -10.9 Mongolia 
MG-92-578-TG P2 1.9 -12.5 -10.8 Mongolia 
MG-92-578-TG P2 2.4 -12.4 -11.1 Mongolia 
MG-92-578-TG P2 2.9 -12.4 -11.2 Mongolia 
MG-92-578-TG P2 3.4 -12.3 -10.9 Mongolia 
MG-92-578-TG P2 3.8 -12.8 -10.2 Mongolia 
MG-92-578-TG P2 4.3 -12.5 -9.2 Mongolia 
MG-92-578-TG P2 4.8 -12.6 -7.9 Mongolia 
MG-92-578-TG P3 0.7 -12.9 -10.8 Mongolia 
MG-92-578-TG P3 1.4 -12.9 -10.3 Mongolia 
MG-92-578-TG P3 1.9 -12.8 -10.4 Mongolia 
MG-92-578-TG P3 2.3 -12.6 -10.6 Mongolia 
MG-92-578-TG P3 2.8 -12.6 -10.3 Mongolia 
MG-92-578-TG P3 3.3 -12.7 -10.4 Mongolia 
MG-92-578-TG P3 3.8 -12.5 -10.6 Mongolia 
MG-92-578-TG P3 4.3 -12.5 -10.2 Mongolia 
MG-92-578-TG P3 4.7 -12.5 -9.7 Mongolia 
MG-92-578-TG P3 5.2 -13.2 -7.0 Mongolia 
MG-92-578-TG P3 5.7 -12.6 -7.9 Mongolia 
MG-92-578-TG P4 0.7 -12.3 -12.4 Mongolia 
MG-92-578-TG P4 1.5 -12.4 -12.4 Mongolia 
MG-92-578-TG P4 1.9 -12.2 -10.8 Mongolia 
MG-92-578-TG P4 2.4 -11.8 -10.0 Mongolia 
MG-92-578-TG P4 2.9 -11.6 -8.2 Mongolia 
MG-92-578-TG P4 3.3 -12.1 -7.8 Mongolia 
MG-92-578-TG P4 3.8 -12.6 -8.7 Mongolia 
MG-92-578-TG P4 4.3 -12.8 -7.8 Mongolia 
MG-96-521-MG P4 0.5 -12.7 -11.9 Mongolia 
MG-96-521-MG P4 1 -12.2 -12.7 Mongolia 
MG-96-521-MG P4 1.5 -12.3 -12.6 Mongolia 
MG-96-521-MG P4 2 -12.2 -11.7 Mongolia 
MG-96-521-MG P4 2.5 -12.6 -10.8 Mongolia 
MG-96-521-MG P4 3 -12.6 -9.3 Mongolia 
MG-96-521-MG P4 3.5 -12.6 -8.1 Mongolia 
MG-96-521-MG P4 4 -12.3 -6.9 Mongolia 
MG-96-521-MG P4 4.5 -12.2 -7.8 Mongolia 
MG-96-521-MG P4 5 -12.3 -9.0 Mongolia 
MG-96-521-MG P4 5.5 -12.3 -10.3 Mongolia 
MG-96-515 M3 0.6 -11.2 -10.63 Mongolia 
MG-96-515 M3 1.1 -11.5 -10.69 Mongolia 
MG-96-515 M3 1.5 -11.7 -12.29 Mongolia 
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MG-96-515 M3 2.0 -11.5 -13.18 Mongolia 
MG-96-515 M3 2.4 -11.9 -13.13 Mongolia 
MG-96-515 M3 2.8 -11.2 -13.80 Mongolia 
MG-96-515 M3 3.3 -11.2 -14.21 Mongolia 
MG-96-515 M3 3.5 -11.6 -13.24 Mongolia 
MG-96-515 M3 3.8 -11.4 -11.12 Mongolia 
MG-96-515 M3 4.1 -11.2 -10.33 Mongolia 
K98 lai 305 M1 0.1 -1.6 1.0 Laikipia, Kenya 
K98 lai 305 M1 0.5 -1.5 0.9 Laikipia, Kenya 
K98 lai 305 M1 0.9 -1.3 1.1 Laikipia, Kenya 
K98 lai 305 M1 1.4 -1.4 1.1 Laikipia, Kenya 
K98 lai 305 M1 2.4 -0.8 2.2 Laikipia, Kenya 
K98 lai 305 M1 2.8 -0.9 2.2 Laikipia, Kenya 
K98 lai 305 M1 3.3 -0.6 3.0 Laikipia, Kenya 
K98 lai 305 M1 3.9 -0.5 3.9 Laikipia, Kenya 
K98 lai 305 M1 4.3 -0.4 3.0 Laikipia, Kenya 
K98 lai 305 M1 4.7 -0.3 2.7 Laikipia, Kenya 
K98 lai 305 M1 5.2 -0.2 3.8 Laikipia, Kenya 
K98 lai 305 M1 5.6 -0.2 2.3 Laikipia, Kenya 
K98 lai 305 M1 6.3 -0.1 2.3 Laikipia, Kenya 
K98 lai 305 M2 0.1 -1.7 1.0 Laikipia, Kenya 
K98 lai 305 M2 0.4 -1.4 1.4 Laikipia, Kenya 
K98 lai 305 M2 0.9 -1.6 -1.1 Laikipia, Kenya 
K98 lai 305 M2 1.3 -1.7 -1.1 Laikipia, Kenya 
K98 lai 305 M2 1.9 -1.4 -0.8 Laikipia, Kenya 
K98 lai 305 M2 2.2 -1.4 -1.2 Laikipia, Kenya 
K98 lai 305 M2 2.7 -1.3 -1.6 Laikipia, Kenya 
K98 lai 305 M2 3.2 -1.2 -1.1 Laikipia, Kenya 
K98 lai 305 M2 3.7 -1.3 -1.0 Laikipia, Kenya 
K98 lai 305 M2 4.2 -1.4 -1.5 Laikipia, Kenya 
K98 lai 305 M2 4.7 -0.4 -0.8 Laikipia, Kenya 
K98 lai 305 M2 5.2 -0.3 0.5 Laikipia, Kenya 
K98 lai 305 M2 5.7 -0.3 0.8 Laikipia, Kenya 
K98 lai 305 M2 6.1 -0.1 0.7 Laikipia, Kenya 
K98 lai 305 M3 0.2 -2.9 -1.0 Laikipia, Kenya 
K98 lai 305 M3 0.6 -1.7 -0.6 Laikipia, Kenya 
K98 lai 305 M3 1.0 -1.2 0.1 Laikipia, Kenya 
K98 lai 305 M3 1.5 -1.1 -0.4 Laikipia, Kenya 
K98 lai 305 M3 2.0 -0.9 0.6 Laikipia, Kenya 
K98 lai 305 M3 2.5 -0.9 0.1 Laikipia, Kenya 
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K98 lai 305 M3 3.0 -0.8 0.5 Laikipia, Kenya 
K98 lai 305 M3 3.4 -0.5 0.7 Laikipia, Kenya 
K98 lai 305 M3 3.9 -0.7 0.6 Laikipia, Kenya 
K98 lai 305 M3 4.8 -0.2 0.6 Laikipia, Kenya 
K98 lai 305 M3 5.2 -0.4 0.4 Laikipia, Kenya 
K98 lai 305 M3 5.7 -0.4 -0.2 Laikipia, Kenya 
Area 103 2005 M2 0.2 -0.7 3.9 Turkana, Kenya 
Area 103 2005 M2 0.5 -1.0 4.1 Turkana, Kenya 
Area 103 2005 M2 1.0 -1.1 2.8 Turkana, Kenya 
Area 103 2005 M2 1.4 -0.6 4.4 Turkana, Kenya 
Area 103 2005 M2 2.0 -0.6 4.3 Turkana, Kenya 
Area 103 2005 M2 2.4 -0.5 4.7 Turkana, Kenya 
Area 103 2005 M2 2.9 -1.0 4.6 Turkana, Kenya 
Area 103 2005 M2 3.3 -1.2 4.9 Turkana, Kenya 
Area 103 2005 M2 3.8 -1.0 3.3 Turkana, Kenya 
Area 103 2005 M2 4.3 -1.1 5.5 Turkana, Kenya 
Area 103 2005 M1 0.1 -1.0 3.0 Turkana, Kenya 
Area 103 2005 M1 0.5 -0.9 4.1 Turkana, Kenya 
Area 103 2005 M1 0.8 -0.8 4.5 Turkana, Kenya 
Area 103 2005 M1 1.2 -0.9 4.1 Turkana, Kenya 
Area 103 2005 M1 1.6 -0.6 5.1 Turkana, Kenya 
Area 103 2005 M1 2.0 -0.6 5.5 Turkana, Kenya 
Area 103 2005 M1 2.6 -0.5 5.4 Turkana, Kenya 
Area 103 2005 M1 3.0 -0.7 4.6 Turkana, Kenya 
Area 103 2005 M1 3.5 -0.5 5.5 Turkana, Kenya 
Area 103 2005 M1 4.0 -2.1 1.4 Turkana, Kenya 
Area 103 2005 M1 4.5 -2.4 2.2 Turkana, Kenya 
Area 103 2005 M1 5.0 -1.1 4.7 Turkana, Kenya 
KDPO_1 2013 M1 0.4 -0.8 3.3 Kidepo, Uganda 
KDPO_1 2013 M1 0.9 -0.6 3.0 Kidepo, Uganda 
KDPO_1 2013 M1 1.4 -0.3 2.7 Kidepo, Uganda 
KDPO_1 2013 M1 1.9 -0.1 2.8 Kidepo, Uganda 
KDPO_1 2013 M1 2.5 -0.1 3.3 Kidepo, Uganda 
KDPO_1 2013 M1 2.9 -0.1 3.5 Kidepo, Uganda 
KDPO_1 2013 M1 3.5 0.2 3.9 Kidepo, Uganda 
KDPO_1 2013 M1 4.0 0.1 3.4 Kidepo, Uganda 
KDPO_1 2013 M1 4.4 0.0 3.9 Kidepo, Uganda 
KDPO_1 2013 M1 4.9 0.1 3.4 Kidepo, Uganda 
KDPO_1 2013 M1 5.3 0.0 4.3 Kidepo, Uganda 
KDPO_1 2013 M1 5.8 -0.2 4.4 Kidepo, Uganda 
	 436 
KDPO_1 2013 M1 6.2 -0.4 4.4 Kidepo, Uganda 
KDPO_1 2013 M1 6.7 -0.1 3.3 Kidepo, Uganda 
KDPO_1 2013 M1 7.1 0.0 2.8 Kidepo, Uganda 
KDPO_1 2013 M1 8.0 -0.2 1.9 Kidepo, Uganda 
KDPO_1 2013 M2 0.2 -1.5 4.5 Kidepo, Uganda 
KDPO_1 2013 M2 0.7 -1.2 4.1 Kidepo, Uganda 
KDPO_1 2013 M2 1.0 -1.0 4.4 Kidepo, Uganda 
KDPO_1 2013 M2 1.5 -1.0 4.0 Kidepo, Uganda 
KDPO_1 2013 M2 2.0 -0.7 3.7 Kidepo, Uganda 
KDPO_1 2013 M2 2.6 -0.6 4.2 Kidepo, Uganda 
KDPO_1 2013 M2 3.0 -0.6 4.1 Kidepo, Uganda 
KDPO_1 2013 M2 3.5 -0.5 3.0 Kidepo, Uganda 
KDPO_1 2013 M2 4.1 -0.5 2.8 Kidepo, Uganda 
KDPO_1 2013 M2 4.6 -0.6 2.5 Kidepo, Uganda 
KDPO_1 2013 M2 5.0 -0.1 2.9 Kidepo, Uganda 
KDPO_1 2013 M2 5.4 0.0 2.9 Kidepo, Uganda 
KDPO_1 2013 M2 5.9 -0.1 3.1 Kidepo, Uganda 
KDPO_1 2013 M2 6.4 0.5 2.7 Kidepo, Uganda 
KDPO_1 2013 M2 6.9 0.0 3.2 Kidepo, Uganda 
KDPO_1 2013 M2 7.4 0.2 1.8 Kidepo, Uganda 
KDPO_1 2013 M3 0.1 -0.6 2.9 Kidepo, Uganda 
KDPO_1 2013 M3 0.6 -0.5 4.7 Kidepo, Uganda 
KDPO_1 2013 M3 1.1 -0.3 4.5 Kidepo, Uganda 
KDPO_1 2013 M3 1.6 -0.4 3.8 Kidepo, Uganda 
KDPO_1 2013 M3 2.1 -0.3 3.7 Kidepo, Uganda 
KDPO_1 2013 M3 2.6 -0.2 3.2 Kidepo, Uganda 
KDPO_1 2013 M3 3.1 -0.2 2.6 Kidepo, Uganda 
KDPO_1 2013 M3 3.7 -0.1 1.9 Kidepo, Uganda 
KDPO_1 2013 M3 4.2 0.0 2.6 Kidepo, Uganda 
KDPO_1 2013 M3 4.7 -0.2 2.3 Kidepo, Uganda 
KDPO_1 2013 M3 5.1 0.3 1.7 Kidepo, Uganda 
KDPO_1 2013 M3 5.5 -0.4 1.5 Kidepo, Uganda 
MBRO_1 2013 M1 0.2 -2.9 -0.2 Lake Mburo, Uganda 
MBRO_1 2013 M1 0.7 -2.7 -0.3 Lake Mburo, Uganda 
MBRO_1 2013 M1 1.2 -2.6 -0.2 Lake Mburo, Uganda 
MBRO_1 2013 M1 1.7 -2.5 0.0 Lake Mburo, Uganda 
MBRO_1 2013 M1 2.2 -2.6 0.1 Lake Mburo, Uganda 
MBRO_1 2013 M1 2.6 -2.5 0.0 Lake Mburo, Uganda 
MBRO_1 2013 M1 3.2 -2.4 1.0 Lake Mburo, Uganda 
MBRO_1 2013 M1 3.6 -2.0 0.9 Lake Mburo, Uganda 
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MBRO_1 2013 M1 4.6 -1.8 1.9 Lake Mburo, Uganda 
MBRO_1 2013 M1 5.0 -1.9 2.0 Lake Mburo, Uganda 
MBRO_1 2013 M1 5.5 -1.6 2.7 Lake Mburo, Uganda 
MBRO_1 2013 M2 0.3 -2.7 0.6 Lake Mburo, Uganda 
MBRO_1 2013 M2 0.8 -1.9 0.6 Lake Mburo, Uganda 
MBRO_1 2013 M2 1.2 -1.9 0.9 Lake Mburo, Uganda 
MBRO_1 2013 M2 1.7 -1.7 1.4 Lake Mburo, Uganda 
MBRO_1 2013 M2 2.2 -1.9 2.3 Lake Mburo, Uganda 
MBRO_1 2013 M2 2.7 -1.6 3.2 Lake Mburo, Uganda 
MBRO_1 2013 M2 3.2 -1.8 3.6 Lake Mburo, Uganda 
MBRO_1 2013 M2 3.6 -1.9 2.9 Lake Mburo, Uganda 
MBRO_2 2013 M1 0.1 -0.2 0.7 Lake Mburo, Uganda 
MBRO_2 2013 M1 0.5 0.1 0.2 Lake Mburo, Uganda 
MBRO_2 2013 M1 0.9 0.3 0.3 Lake Mburo, Uganda 
MBRO_2 2013 M1 1.4 0.3 0.9 Lake Mburo, Uganda 
MBRO_2 2013 M1 1.9 0.3 1.1 Lake Mburo, Uganda 
MBRO_2 2013 M1 2.4 0.6 1.3 Lake Mburo, Uganda 
MBRO_2 2013 M1 2.8 0.6 0.5 Lake Mburo, Uganda 
MBRO_2 2013 M1 3.4 0.9 0.7 Lake Mburo, Uganda 
MBRO_2 2013 M1 3.6 1.0 1.4 Lake Mburo, Uganda 
MBRO_2 2013 M2 0.1 0.7 1.4 Lake Mburo, Uganda 
MBRO_2 2013 M2 0.5 0.7 1.6 Lake Mburo, Uganda 
MBRO_2 2013 M2 0.9 0.6 1.2 Lake Mburo, Uganda 
MBRO_2 2013 M2 1.5 0.6 1.2 Lake Mburo, Uganda 
MBRO_2 2013 M2 1.9 0.6 2.1 Lake Mburo, Uganda 
MBRO_2 2013 M2 2.4 0.5 2.4 Lake Mburo, Uganda 
MBRO_2 2013 M2 2.9 0.4 1.5 Lake Mburo, Uganda 
MBRO_2 2013 M2 3.5 0.4 3.2 Lake Mburo, Uganda 
MBRO_2 2013 M2 4.0 0.4 2.4 Lake Mburo, Uganda 
MBRO_2 2013 M2 4.4 0.6 2.8 Lake Mburo, Uganda 
MBRO_2 2013 M3 0.1 -0.7 1.2 Lake Mburo, Uganda 
MBRO_2 2013 M3 0.4 -0.8 0.9 Lake Mburo, Uganda 
MBRO_2 2013 M3 1.0 -0.9 1.9 Lake Mburo, Uganda 
MBRO_2 2013 M3 1.5 -0.9 1.8 Lake Mburo, Uganda 
MBRO_2 2013 M3 2.0 -0.8 2.1 Lake Mburo, Uganda 
MBRO_2 2013 M3 2.5 -0.8 1.3 Lake Mburo, Uganda 
MBRO_2 2013 M3 3.1 -0.9 1.2 Lake Mburo, Uganda 
MBRO_2 2013 M3 3.6 -0.8 -0.1 Lake Mburo, Uganda 
MBRO_2 2013 M3 4.1 -0.7 0.8 Lake Mburo, Uganda 
MBRO_2 2013 M3 4.5 -0.8 1.0 Lake Mburo, Uganda 
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APPENDIX 4 FOR CHAPTER 6: Fossil equid teeth enamel data 
ID 
distance from 
occlusal (cm) δ13C δ18O Provenance 
SBK-13E-387 0.1 1.1 -1.8 Kanjera South Exc. 1 KS-1 
SBK-13E-388 0.4 1.4 -1.1 Kanjera South Exc. 1 KS-1 
SBK-13E-389 0.6 1.3 -1.8 Kanjera South Exc. 1 KS-1 
SBK-13E-390 0.9 1.3 -2.2 Kanjera South Exc. 1 KS-1 
SBK-13E-391 1.3 1.6 -1.5 Kanjera South Exc. 1 KS-1 
SBK-13E-392 1.6 1.4 -1.8 Kanjera South Exc. 1 KS-1 
SBK-13E-393 1.9 1.2 -2.3 Kanjera South Exc. 1 KS-1 
SBK-13E-394 2.1 1.3 -1.7 Kanjera South Exc. 1 KS-1 
SBK-13E-395 2.4 1.4 -2.3 Kanjera South Exc. 1 KS-1 
SBK-13E-396 2.7 1.2 -2.4 Kanjera South Exc. 1 KS-1 
SBK-13E-397 2.9 1.4 -1.5 Kanjera South Exc. 1 KS-1 
SBK-13E-398 3.2 1.8 -1.5 Kanjera South Exc. 1 KS-1 
SBK-13E-399 3.5 1.5 -2.5 Kanjera South Exc. 1 KS-1 
SBK-13E-400 3.7 1.6 -2.3 Kanjera South Exc. 1 KS-1 
SBK-13E-401 4.0 1.8 -3.2 Kanjera South Exc. 1 KS-1 
SBK-13E-402 4.2 1.5 -2.6 Kanjera South Exc. 1 KS-1 
SBK-13E-403 4.5 1.6 -3.2 Kanjera South Exc. 1 KS-1 
SBK-13E-404 4.7 1.9 -2.2 Kanjera South Exc. 1 KS-1 
SBK-13E-405 4.9 1.9 -1.9 Kanjera South Exc. 1 KS-1 
SBK-13E-406 5.2 1.6 -2.7 Kanjera South Exc. 1 KS-1 
SBK-13E-407 5.3 1.3 -2.0 Kanjera South Exc. 1 KS-1 
      
SBK-13E-370 0.1 1.0 -1.1 Kanjera South Exc. 1 KS-1 
SBK-13E-371 0.4 1.2 -0.6 Kanjera South Exc. 1 KS-1 
SBK-13E-372 0.6 1.8 -0.9 Kanjera South Exc. 1 KS-1 
SBK-13E-373 0.9 1.0 -0.8 Kanjera South Exc. 1 KS-1 
SBK-13E-374 1.2 1.3 -1.0 Kanjera South Exc. 1 KS-1 
SBK-13E-375 1.5 0.7 -1.2 Kanjera South Exc. 1 KS-1 
SBK-13E-376 1.8 1.5 -0.7 Kanjera South Exc. 1 KS-1 
SBK-13E-377 2.1 1.2 -0.7 Kanjera South Exc. 1 KS-1 
SBK-13E-378 2.4 1.2 0.1 Kanjera South Exc. 1 KS-1 
SBK-13E-379 2.7 1.0 -0.4 Kanjera South Exc. 1 KS-1 
SBK-13E-380 3.0 1.2 -1.5 Kanjera South Exc. 1 KS-1 
SBK-13E-381 3.4 1.4 -2.1 Kanjera South Exc. 1 KS-1 
SBK-13E-382 3.8 0.2 -1.3 Kanjera South Exc. 1 KS-1 
SBK-13E-383 4.2 0.8 -1.2 Kanjera South Exc. 1 KS-1 
SBK-13E-384 4.5 1.5 -1.1 Kanjera South Exc. 1 KS-1 
SBK-13E-385 4.9 1.7 -1.2 Kanjera South Exc. 1 KS-1 
SBK-13E-386 5.3 1.2 -1.1 Kanjera South Exc. 1 KS-1 
      
SBK-13E-456 0.2 1.9 -0.3 Kanjera South Exc. 1 KS-2 O 
SBK-13E-457 0.5 1.9 -0.2 Kanjera South Exc. 1 KS-2 O 
SBK-13E-458 0.8 1.9 -0.9 Kanjera South Exc. 1 KS-2 O 
SBK-13E-459 1.1 1.6 -0.9 Kanjera South Exc. 1 KS-2 O 
SBK-13E-460 1.3 2.0 -0.3 Kanjera South Exc. 1 KS-2 O 
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SBK-13E-461 1.6 2.0 -1.0 Kanjera South Exc. 1 KS-2 O 
SBK-13E-462 1.9 1.9 -0.9 Kanjera South Exc. 1 KS-2 O 
SBK-13E-463 2.2 2.1 -0.1 Kanjera South Exc. 1 KS-2 O 
SBK-13E-464 2.4 2.1 0.1 Kanjera South Exc. 1 KS-2 O 
SBK-13E-465 2.7 2.2 -0.3 Kanjera South Exc. 1 KS-2 O 
SBK-13E-466 2.9 2.1 -0.9 Kanjera South Exc. 1 KS-2 O 
SBK-13E-467 3.2 2.1 -1.0 Kanjera South Exc. 1 KS-2 O 
SBK-13E-468 3.5 2.1 -0.3 Kanjera South Exc. 1 KS-2 O 
SBK-13E-469 3.7 2.3 -0.6 Kanjera South Exc. 1 KS-2 O 
SBK-13E-470 4.0 2.3 -0.3 Kanjera South Exc. 1 KS-2 O 
SBK-13E-471 4.4 2.2 -0.6 Kanjera South Exc. 1 KS-2 O 
SBK-13E-472 4.7 2.3 -0.2 Kanjera South Exc. 1 KS-2 O 
SBK-13E-473 5.0 2.0 -0.9 Kanjera South Exc. 1 KS-2 O 
SBK-13E-474 5.3 2.3 0.1 Kanjera South Exc. 1 KS-2 O 
SBK-13E-475 5.6 1.9 -0.1 Kanjera South Exc. 1 KS-2 O 
SBK-13E-476 5.9 1.7 -1.0 Kanjera South Exc. 1 KS-2 O 
      
SBK-13E-555 0.2 2.3 0.0 Kasibos Fm. Kanam E. 
SBK-13E-556 0.4 2.2 -0.3 Kasibos Fm. Kanam E. 
SBK-13E-557 0.7 2.2 0.1 Kasibos Fm. Kanam E. 
SBK-13E-558 1.0 2.1 0.3 Kasibos Fm. Kanam E. 
SBK-13E-559 1.2 2.3 0.8 Kasibos Fm. Kanam E. 
SBK-13E-560 1.5 2.1 0.2 Kasibos Fm. Kanam E. 
SBK-13E-561 1.8 2.2 0.5 Kasibos Fm. Kanam E. 
SBK-13E-562 2.1 2.3 0.3 Kasibos Fm. Kanam E. 
SBK-13E-563 2.4 2.6 0.7 Kasibos Fm. Kanam E. 
SBK-13E-564 2.7 2.5 0.2 Kasibos Fm. Kanam E. 
SBK-13E-565 2.9 2.4 0.0 Kasibos Fm. Kanam E. 
SBK-13E-566 3.2 2.4 1.0 Kasibos Fm. Kanam E. 
SBK-13E-567 3.5 2.1 1.2 Kasibos Fm. Kanam E. 
SBK-13E-568 3.8 2.5 0.9 Kasibos Fm. Kanam E. 
SBK-13E-569 4.1 2.4 -0.2 Kasibos Fm. Kanam E. 
SBK-13E-570 4.4 2.6 0.8 Kasibos Fm. Kanam E. 
SBK-13E-571 4.6 2.5 0.2 Kasibos Fm. Kanam E. 
SBK-13E-572 5.0 2.8 1.1 Kasibos Fm. Kanam E. 
SBK-13E-573 5.2 2.8 0.2 Kasibos Fm. Kanam E. 
SBK-13E-574 5.6 2.8 0.4 Kasibos Fm. Kanam E. 
SBK-13E-575 5.8 2.4 0.0 Kasibos Fm. Kanam E. 
SBK-13E-576 6.1 3.0 -0.4 Kasibos Fm. Kanam E. 
SBK-13E-577 6.3 3.6 0.9 Kasibos Fm. Kanam E. 
      
SBK-13E-477 0.2 2.5 -1.7 Kanjera South Exc. 1 KS-2 CP 
SBK-13E-478 0.5 1.5 -1.3 Kanjera South Exc. 1 KS-2 CP 
SBK-13E-479 0.8 0.9 -2.7 Kanjera South Exc. 1 KS-2 CP 
SBK-13E-480 1.1 0.7 -3.0 Kanjera South Exc. 1 KS-2 CP 
SBK-13E-481 1.3 0.9 -2.6 Kanjera South Exc. 1 KS-2 CP 
SBK-13E-482 1.6 1.2 -2.1 Kanjera South Exc. 1 KS-2 CP 
SBK-13E-483 2.0 1.7 -2.2 Kanjera South Exc. 1 KS-2 CP 
SBK-13E-484 2.3 3.0 -2.1 Kanjera South Exc. 1 KS-2 CP 
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SBK-13E-485 2.6 2.1 -1.5 Kanjera South Exc. 1 KS-2 CP 
SBK-13E-486 2.9 1.6 -2.2 Kanjera South Exc. 1 KS-2 CP 
SBK-13E-487 3.3 1.4 -1.8 Kanjera South Exc. 1 KS-2 CP 
SBK-13E-488 3.6 1.5 -2.4 Kanjera South Exc. 1 KS-2 CP 
SBK-13E-489 4.0 1.6 -2.0 Kanjera South Exc. 1 KS-2 CP 
SBK-13E-490 4.3 1.8 -2.1 Kanjera South Exc. 1 KS-2 CP 
SBK-13E-491 4.7 1.6 -2.5 Kanjera South Exc. 1 KS-2 CP 
SBK-13E-492 5.0 1.3 -2.2 Kanjera South Exc. 1 KS-2 CP 
SBK-13E-493 5.4 1.4 -2.4 Kanjera South Exc. 1 KS-2 CP 
SBK-13E-494 5.7 1.7 -2.0 Kanjera South Exc. 1 KS-2 CP 
SBK-13E-495 6.1 1.7 -2.3 Kanjera South Exc. 1 KS-2 CP 
SBK-13E-496 6.4 1.1 -2.2 Kanjera South Exc. 1 KS-2 CP 
SBK-13E-497 6.7 0.6 -2.8 Kanjera South Exc. 1 KS-2 CP 
SBK-13E-498 7.0 1.7 -2.2 Kanjera South Exc. 1 KS-2 CP 
SBK-13E-499 7.2 1.8 -1.9 Kanjera South Exc. 1 KS-2 CP 
SBK-13E-500 7.5 1.7 -2.2 Kanjera South Exc. 1 KS-2 CP 
SBK-13E-501 7.7 1.8 -2.4 Kanjera South Exc. 1 KS-2 CP 
SBK-13E-502 7.9 1.3 -2.9 Kanjera South Exc. 1 KS-2 CP 
      
SBK-13E-578 0.2 2.2 0.4 Kasibos Fm. Kanam E. 
SBK-13E-579 0.4 2.5 0.5 Kasibos Fm. Kanam E. 
SBK-13E-580 0.8 2.1 0.8 Kasibos Fm. Kanam E. 
SBK-13E-581 1.0 2.2 0.6 Kasibos Fm. Kanam E. 
SBK-13E-582 1.3 2.4 0.7 Kasibos Fm. Kanam E. 
SBK-13E-583 1.6 2.3 0.5 Kasibos Fm. Kanam E. 
SBK-13E-584 1.9 2.1 0.3 Kasibos Fm. Kanam E. 
SBK-13E-585 2.2 2.0 -0.3 Kasibos Fm. Kanam E. 
SBK-13E-586 2.5 2.1 -0.7 Kasibos Fm. Kanam E. 
SBK-13E-587 2.8 1.9 -0.2 Kasibos Fm. Kanam E. 
SBK-13E-588 3.1 1.9 -0.3 Kasibos Fm. Kanam E. 
SBK-13E-589 3.4 1.9 -0.3 Kasibos Fm. Kanam E. 
SBK-13E-590 3.7 2.0 0.2 Kasibos Fm. Kanam E. 
SBK-13E-591 4.1 1.9 0.2 Kasibos Fm. Kanam E. 
SBK-13E-592 4.4 1.8 0.0 Kasibos Fm. Kanam E. 
SBK-13E-593 4.6 1.9 0.3 Kasibos Fm. Kanam E. 
SBK-13E-594 4.9 1.8 0.7 Kasibos Fm. Kanam E. 
SBK-13E-595 5.2 1.9 -0.2 Kasibos Fm. Kanam E. 
SBK-13E-596 5.5 1.9 0.4 Kasibos Fm. Kanam E. 
SBK-13E-597 5.8 1.8 0.6 Kasibos Fm. Kanam E. 
SBK-13E-598 6.1 1.8 1.4 Kasibos Fm. Kanam E. 
      
SBK-13E-428 0.2 1.5 -1.2 Kanjera South Exc. 1 KS-2 G 
SBK-13E-429 0.4 1.3 -1.8 Kanjera South Exc. 1 KS-2 G 
SBK-13E-430 0.7 1.8 -1.1 Kanjera South Exc. 1 KS-2 G 
SBK-13E-431 0.9 1.7 -1.5 Kanjera South Exc. 1 KS-2 G 
SBK-13E-432 1.1 1.6 -1.4 Kanjera South Exc. 1 KS-2 G 
SBK-13E-433 1.4 1.8 -1.1 Kanjera South Exc. 1 KS-2 G 
SBK-13E-434 1.6 1.6 -1.0 Kanjera South Exc. 1 KS-2 G 
SBK-13E-435 1.8 1.7 -1.0 Kanjera South Exc. 1 KS-2 G 
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SBK-13E-436 2.0 1.4 -2.2 Kanjera South Exc. 1 KS-2 G 
SBK-13E-437 2.3 1.6 -2.3 Kanjera South Exc. 1 KS-2 G 
SBK-13E-438 2.5 1.5 -1.1 Kanjera South Exc. 1 KS-2 G 
SBK-13E-439 2.7 1.3 -1.4 Kanjera South Exc. 1 KS-2 G 
SBK-13E-440 3.0 1.2 -1.5 Kanjera South Exc. 1 KS-2 G 
SBK-13E-441 3.2 1.5 -1.5 Kanjera South Exc. 1 KS-2 G 
SBK-13E-442 3.4 1.4 -1.7 Kanjera South Exc. 1 KS-2 G 
SBK-13E-443 3.6 1.3 -2.3 Kanjera South Exc. 1 KS-2 G 
SBK-13E-444 3.9 1.7 -1.3 Kanjera South Exc. 1 KS-2 G 
SBK-13E-445 4.1 1.5 -1.5 Kanjera South Exc. 1 KS-2 G 
SBK-13E-446 4.3 1.6 -1.5 Kanjera South Exc. 1 KS-2 G 
SBK-13E-447 4.5 1.5 -1.5 Kanjera South Exc. 1 KS-2 G 
SBK-13E-448 4.7 1.6 -1.3 Kanjera South Exc. 1 KS-2 G 
SBK-13E-449 4.9 1.4 -1.9 Kanjera South Exc. 1 KS-2 G 
SBK-13E-450 5.2 1.8 -0.9 Kanjera South Exc. 1 KS-2 G 
SBK-13E-451 5.4 1.5 -2.1 Kanjera South Exc. 1 KS-2 G 
SBK-13E-452 5.6 1.3 -2.7 Kanjera South Exc. 1 KS-2 G 
SBK-13E-453 5.9 2.0 -0.2 Kanjera South Exc. 1 KS-2 G 
SBK-13E-454 6.1 1.7 -0.6 Kanjera South Exc. 1 KS-2 G 
SBK-13E-455 6.2 2.0 0.0 Kanjera South Exc. 1 KS-2 G 
      
SBK-13E-599 0.1 -0.8 -0.2 Nyayanga  
SBK-13E-600 0.4 -1.0 -0.8 Nyayanga  
SBK-13E-601 0.7 -0.8 -1.0 Nyayanga  
SBK-13E-602 1.1 0.0 0.0 Nyayanga  
SBK-13E-603 1.4 -0.3 0.0 Nyayanga  
SBK-13E-604 1.7 -0.6 -0.2 Nyayanga  
SBK-13E-605 2.1 -0.8 -0.7 Nyayanga  
SBK-13E-606 2.4 -0.1 0.0 Nyayanga  
SBK-13E-607 2.7 -0.1 0.3 Nyayanga  
SBK-13E-609 3.3 -0.2 0.6 Nyayanga  
SBK-13E-610 3.6 -0.2 0.5 Nyayanga  
SBK-13E-611 3.9 -0.1 -0.8 Nyayanga  
      
SBK-13E-408 0.1 1.4 -2.3 Kanjera South Exc. 1 KS-1 
SBK-13E-409 0.4 1.6 -1.7 Kanjera South Exc. 1 KS-1 
SBK-13E-410 0.7 1.3 -2.2 Kanjera South Exc. 1 KS-1 
SBK-13E-411 1.0 1.4 -2.2 Kanjera South Exc. 1 KS-1 
SBK-13E-412 1.3 1.4 -1.6 Kanjera South Exc. 1 KS-1 
SBK-13E-413 1.6 1.4 -1.4 Kanjera South Exc. 1 KS-1 
SBK-13E-414 1.9 1.5 -1.3 Kanjera South Exc. 1 KS-1 
SBK-13E-415 2.1 1.3 -1.9 Kanjera South Exc. 1 KS-1 
SBK-13E-416 2.4 1.5 -1.8 Kanjera South Exc. 1 KS-1 
SBK-13E-417 2.6 1.5 -1.8 Kanjera South Exc. 1 KS-1 
SBK-13E-418 2.9 1.7 -2.1 Kanjera South Exc. 1 KS-1 
SBK-13E-419 3.1 1.7 -2.9 Kanjera South Exc. 1 KS-1 
SBK-13E-420 3.4 1.7 -3.8 Kanjera South Exc. 1 KS-1 
SBK-13E-421 3.6 1.8 -2.2 Kanjera South Exc. 1 KS-1 
SBK-13E-422 3.8 1.7 -2.5 Kanjera South Exc. 1 KS-1 
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SBK-13E-423 4.1 2.0 -1.7 Kanjera South Exc. 1 KS-1 
SBK-13E-424 4.3 1.9 -1.7 Kanjera South Exc. 1 KS-1 
SBK-13E-425 4.5 1.8 -2.9 Kanjera South Exc. 1 KS-1 
SBK-13E-426 4.8 2.0 -3.0 Kanjera South Exc. 1 KS-1 
SBK-13E-427 5.0 0.9 -4.4 Kanjera South Exc. 1 KS-1 
      
SBK-13E-503 0.2 2.1 -1.8 Kanjera South Exc. 1 KS-2 PS 
SBK-13E-504 0.5 2.2 -1.2 Kanjera South Exc. 1 KS-2 PS 
SBK-13E-505 0.8 1.9 -1.4 Kanjera South Exc. 1 KS-2 PS 
SBK-13E-506 1.0 2.2 -1.6 Kanjera South Exc. 1 KS-2 PS 
SBK-13E-507 1.3 2.1 -1.5 Kanjera South Exc. 1 KS-2 PS 
SBK-13E-508 1.6 2.1 -1.8 Kanjera South Exc. 1 KS-2 PS 
SBK-13E-509 1.9 2.1 -2.2 Kanjera South Exc. 1 KS-2 PS 
SBK-13E-510 2.2 2.0 -2.6 Kanjera South Exc. 1 KS-2 PS 
SBK-13E-511 2.5 1.8 -2.0 Kanjera South Exc. 1 KS-2 PS 
SBK-13E-512 2.8 1.9 -1.9 Kanjera South Exc. 1 KS-2 PS 
SBK-13E-513 3.1 2.0 -2.7 Kanjera South Exc. 1 KS-2 PS 
SBK-13E-514 3.4 2.3 -2.7 Kanjera South Exc. 1 KS-2 PS 
SBK-13E-515 3.7 2.6 -2.4 Kanjera South Exc. 1 KS-2 PS 
SBK-13E-516 3.9 3.0 -1.9 Kanjera South Exc. 1 KS-2 PS 
SBK-13E-517 4.2 2.5 -2.6 Kanjera South Exc. 1 KS-2 PS 
SBK-13E-518 4.4 2.4 -2.7 Kanjera South Exc. 1 KS-2 PS 
SBK-13E-519 4.7 2.6 -3.0 Kanjera South Exc. 1 KS-2 PS 
SBK-13E-520 5.0 2.5 -3.0 Kanjera South Exc. 1 KS-2 PS 
SBK-13E-521 5.3 2.4 -3.1 Kanjera South Exc. 1 KS-2 PS 
SBK-13E-522 5.6 2.1 -2.4 Kanjera South Exc. 1 KS-2 PS 
SBK-13E-523 5.8 2.2 -2.9 Kanjera South Exc. 1 KS-2 PS 
      
SBK-13E-524 0.2 2.3 -0.5 Kanjera South Exc. 1 KS-2 O 
SBK-13E-525 0.4 2.1 -1.0 Kanjera South Exc. 1 KS-2 O 
SBK-13E-526 0.7 2.2 -0.5 Kanjera South Exc. 1 KS-2 O 
SBK-13E-527 1.0 2.1 -0.5 Kanjera South Exc. 1 KS-2 O 
SBK-13E-528 1.3 2.0 -0.6 Kanjera South Exc. 1 KS-2 O 
SBK-13E-529 1.6 1.8 -1.0 Kanjera South Exc. 1 KS-2 O 
SBK-13E-530 1.9 1.8 -1.7 Kanjera South Exc. 1 KS-2 O 
SBK-13E-531 2.2 2.0 -1.4 Kanjera South Exc. 1 KS-2 O 
SBK-13E-532 2.5 2.1 -1.4 Kanjera South Exc. 1 KS-2 O 
SBK-13E-533 2.9 2.0 -1.1 Kanjera South Exc. 1 KS-2 O 
SBK-13E-534 3.3 2.1 -0.5 Kanjera South Exc. 1 KS-2 O 
SBK-13E-535 3.5 2.0 -0.4 Kanjera South Exc. 1 KS-2 O 
SBK-13E-536 3.9 2.2 -0.3 Kanjera South Exc. 1 KS-2 O 
SBK-13E-537 4.2 2.3 0.3 Kanjera South Exc. 1 KS-2 O 
SBK-13E-538 4.5 2.3 0.1 Kanjera South Exc. 1 KS-2 O 
SBK-13E-539 4.8 2.0 -0.1 Kanjera South Exc. 1 KS-2 O 
SBK-13E-540 5.1 2.1 0.2 Kanjera South Exc. 1 KS-2 O 




APPENDIX 5 FOR CHAPTER 6: Modern meteoric water data 










Amboseli Kenya AMB04-03 stream Amboseli -5.2 Levin et al 2009 
Amboseli Kenya K07-W13 tap Amboseli -2.6 Levin et al 2009 
    Range 2.6  
    Std 1.8  
       
Turkana Kenya K77-W11 water hole Huran Hura WH -5.5 Cerling et al 2003 
Turkana Kenya MM-24 spring Loiengalani -4.2 
Sklash and Mwangi 
1991 
Turkana Kenya K75-loi 9 spring Loiengalani -4.1 Levin et al 2009 
Turkana Kenya K99-096-TURK stream 
Kokeselei 
ephemeral -3.8 Levin et al 2009 
Turkana Kenya 
Loiengalani 
spring spring Loiengalani -3.7 Levin et al 2009 
Turkana Kenya K80-W3 well Nderti -3.7 Cerling et al 2003 
Turkana Kenya K80-W5 river Naimarlal River -3.7 Levin et al 2009 
Turkana Kenya K99-074-TURK water hole Kalachoro WH -3.4 Levin et al 2009 
Turkana Kenya  well Nderti -3.3 Cerling et al 2003 
Turkana Kenya TCW81-15 water hole North Horr WH -3.3 Cerling et al 2003 
Turkana Kenya K77-W04 well Nderti -2.9 Cerling et al 2003 
Turkana Kenya ET04W-36 river Omo River -2.9 Levin et al 2009 
Turkana Kenya ES spring Eliye Spring -2.8 Levin et al 2009 
Turkana Kenya K80-W4 water hole Burgi WH -2.7 Cerling et al 2003 
Turkana Kenya 032-KF-K00 water hole Jolgole -2.6 Levin et al 2009 
Turkana Kenya K99-097-TURK river Turkwell River -2.5 Levin et al 2009 
Turkana Kenya 117_Ker-K00 river Kerio River -2.4 Levin et al 2009 
Turkana Kenya K77-W05 water hole Kubi Algi -2.2 Levin et al 2009 
Turkana Kenya KN07W-312 water hole 
gravel dam 
Kangaki -2.0 Levin et al 2009 
Turkana Kenya KN07W-313 well Kokiselei -1.6 Levin et al 2009 
Turkana Kenya K79-AC-W2 river Omo River -1.2 Levin et al 2009 
Turkana Kenya K99-058-TURK water hole Lomekwi -1.1 Levin et al 2009 
Turkana Kenya 088-KF-K00 water hole Il Iret Laga -0.7 Levin et al 2009 
Turkana Kenya K79-AC-W3 river Omo River -0.7 Levin et al 2009 
Turkana Kenya K99-033-TURK bore hole  Kataboi -0.3 Levin et al 2009 
Turkana Kenya KN07W-308 river Kalokol -0.3 Levin et al 2009 
Turkana Kenya KN07W-309 river Kataboi -0.2 Levin et al 2009 
Turkana Kenya KN07W-315 spring Kokiselei 0.4 Levin et al 2009 
Turkana Kenya K79-AC-W4 river Turkwell River 0.4 Levin et al 2009 
Turkana Kenya ET-99-OM-407 river Omo River 0.5 Levin et al 2009 
Turkana Kenya KN07W-310 spring Topernawi 0.6 Levin et al 2009 
Turkana Kenya K99-6025  stream Kataboi Gorge 0.6 Levin et al 2009 
Turkana Kenya KN07W-316 stream Kataboi Gorge 0.6 Levin et al 2009 
Turkana Kenya KN07W-402 well Ileret Well 0.8 Levin et al 2009 
Turkana Kenya K77-W03 water hole Simba 1.0 Levin et al 2009 
Turkana Kenya K07-W05 water hole Lokalalei 1.1 Levin et al 2009 
Turkana Kenya K77-W09 water hole Koobi Fora 2.1 Levin et al 2009 
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Turkana Kenya 103_LDW-K00 river Turkwell River 2.3 Levin et al 2009 
    Range 7.8  
    Std 2.0  
       
Laikipia Kenya K99-130-MPLA river Ewaso Ngiro -3.1 Levin et al 2009 
Laikipia Kenya K98-Lai-340 bore hole Olpejeta Ranch -2.2 Levin et al 2009 
Laikipia Kenya K98-Lai-356 river Ewaso Njiro -4.1 Levin et al 2009 
Laikipia Kenya K97-255-LAI river Ewaso Ngiro -3.9 Levin et al 2009 
Laikipia Kenya K80-W9 river Ewaso Ngiro -1.8 Levin et al 2009 
    Range 2.3  
    Std 1.0  
       
Dikika Ethiopia 
Awash at 
Busidima river Busidima 1.9 Levin et al 2009 
Dikika Ethiopia 
Awash at 
Busidima river Busidima 2.4 Levin et al 2009 
Dikika Ethiopia ET07W-02 river 
Awash at 
Busidima 1.9 Levin et al 2009 
Dikika Ethiopia ETW06-313 river 
Awash at 
Busidima 4.0 Levin et al 2009 
Dikika Ethiopia ETW06-307 water hole Asbole 1.1 Levin et al 2009 
Dikika Ethiopia ET04W-14 river Gawis 2.8 Levin et al 2009 
Dikika Ethiopia ET07W-03 well Busidima -0.9 Levin et al 2009 
Dikika Ethiopia Awash River river Awash River 1.9 Levin et al 2009 
Dikika Ethiopia Busidima water hole Busidima -0.8 Levin et al 2009 
Dikika Ethiopia Busidima #1 water hole Busidima -0.1 Levin et al 2009 
Dikika Ethiopia Busidima #2 water hole Busidima -0.4 Levin et al 2009 
Dikika Ethiopia ET04W-07 water hole Busidima 0.3 Levin et al 2009 
Dikika Ethiopia Kombolcha tap Kombolcha 0.1 Levin et al 2009 
    Range 4.9  
    Std 1.5  
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